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2.
ABSTRACT
The effect of pressure on the evaporation lifetime, the ignition delay, 
and the burning and combustion time of single liquid fuel drops on a 
heated surface are investigated in a pressure chamber; the fuels used are 
the four engine reference fuels, viz#, n-Heptane, n-Hexadecane, 2,2,4- 
Trimethylpentane (iso-octane), and a-methylnaphthalene; the pressures 
used range from atmospheric pressure to 69 atmospheres* Also, the 
effect of pressure on the fcleanliness* of combustion of single n-Hexa- 
decane drops burning on a heated surface is investigated*
Theoretical expressions are derived to predict the evaporation lifetime 
of a liquid drop on a heated surface in three important modes of evapor­
ation, viz*, true contact evaporation, evaporation in the Maximum 
Evaporation Rate Range and spheroidal evaporation0
The Transition Temperature is defined as the surface temperature at which 
physical and chemical factors have the same influence on the ignition 
delay of a fuel drop* Allowing for the variation of the S*I.T* with 
pressure, in no case is a Transition Temperature of the fuels used more 
than 100 deg.C above the S.I.T. At higher surface temperatures than 
a Transition Temperature, the ignition delay is largely determined by 
physical factors.
A new theoretical concept of the spontaneous ignition and ignition delay 
of a fuel drop is introduced; diffusion is an integral part of this 
concept. This concept predicts the effect of pressure on ignition delay*
Excepting spheroidal evaporation, a flame presence has a small influence 
on the evaporation lifetime of a drop on a heated surface. It is shown 
that the evaporation lifetime of a drop on a heated surface may be much 
less than the combustion time*
Physical factors are primarily responsible for the dirty combustion of a 
n-Hexadecane drop* It is shown that the dirtiest combustion is obtained 
when the air temperature and pressure are close to and below the critical 
temperature and pressure of the fuel; clean combustion is obtained at 
reduced pressures greater than approximately four.
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p Density of liquid; pv = density of vapour; pvs = density of
saturated vapour.
t Ignition delay;tc = chemical delay.
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CHAPTER 1.
INTRODUCTION AND SCOPE 
OF PRESENT RESEARCH
17
1.1, INTRODUCTION
The combustion of liquid fuels is a subject that has received extensive 
investigation over a period of at least sixty years* Despite so much 
investigation the knowledge of the subject is still very limited.
The present work investigates the effect of pressure, ranging from 
atmospheric pressure to 69 atmospheres, on the evaporation lifetime, 
ignition delay, and the burning and combustion time of a single drop 
of a liquid fuel on a heated surface. In addition, the present work 
investigates the 1 cleanliness1 of combustion of a fuel drop burning an 
a heated surface.
1*2. HISTORICAL BACKGROUND
The relevance and applicability of this type of combustion system to 
present-day practice is discussed as follows.
Interest in the combustion of liquid fuels in contact with,a hot 
surface was aroused by the work of Meurer d) on the development of a 
combustion chamber for a compression-ignition engine (hereafter called 
a'diesel engine) in which fuel was deliberately directed against a hot 
surface (the piston crown) instead of being sprayed into the compressed 
cylinder gas in the conventional manner. To attain the required 
penetration the fuel was injected as a liquid column which struck 
tangentially the bowl-shaped combustion chamber in the piston crown, 
the high liquid velocity smearing the fuel as a film over the surface 
of the combustion chamber.
The conclusions of Meurer's work claimed the following advantages over 
conventional combustion systems s -
1) Diesel knock can be virtually eliminated.
2) The engine can be operated with a wide range of fuels from the 
gasolines (petrol), through the jet fuels (kerosines) to diesel 
fuels, without sacrificing engine performance.
3) Less free carbon is produced per pound of fuel burnt.
Although the process of combustion in a diesel engine is outside the
18
scope of this work, diesel knock may be briefly described as a phenom­
enon occurring in the combustion chamber of a diesel engine when the 
rate of pressure rise of the compressed gas is abnoimally high following 
the spontaneous ignition of the injected fuel spray. It is caused by 
a large quantity of fuel spontaneously igniting after a comparatively 
long ignition delay; if the ignition delay is short, the rate of 
pressure rise is less and diesel knock is then absent.
Further work has been reported on the ignition delay of fuel droplets 
in a spray directed at various angles, from directly into hot compressed 
air to directly onto the hot surface of the containing vesselfs walls; 
the investigators were Pischinger and Pischinger (2) using a heated 
constant volume bomb and Nagao et al (3) using a diesel engine combust­
ion chamber. In both investigations the observed ignition delays 
were least when the spray was directed on to the walls, if these were 
at a sufficiently high temperature.
Meurer was the first to deliberately spray or ’plaster1 fuel onto a hot 
surface to obtain, as he claimed, improved combustion. However, it has 
been observed (4) that fuel droplets accidentally strike the combustion 
chamber walls in a conventional diesel engine combustion chamber and 
ignite earlier than the main spray.
Since 1955* a new generation of diesel engine haseemerged in which the 
combustion system developed by Meurer has been incorporated. Besides 
the German firm of M.A.N. (Maschinenfabrik Augsburg Numberg), which 
first adopted the system* there are* to the author’s knowledge, three 
other firms which have adopted similar systems. (5)(6)(7)(8)
1.3 GENERAL CDNSIMaiTIONS.
The combustion of liquid fuels may be considered in two stages. The 
first stage includes heating up a liquid fuel and evaporation, during 
which an exothermal chemical reaction commences and accelerates to 
ignition. The second stage is the burning of the vapour, produced by 
the evaporation of the fuel both prior andikibsequent to ignition.;
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The ignition delay embraces the first stage and is therefore both 
physical and chemical in nature* It is ^commonly defined as the period 
of time from the introduction of a liquid fuel into a hot oxidant to 
the beginning of visible radiation, i.e., a hot flame, from the re­
action; in cases where the combustion zone is not visible, the 
ignition delay ends when an abrupt rise in pressure is recorded by a 
pressure sensitive device. In the present work a different definition 
of ignition delay is used the ignition delay starts when a single 
drop makes contact with a hot surface (exposed to the oxidant) and 
ends when an abrupt increase of radiation from the reaction is recorded 
by a photosensitive device.
The physical part of the ignition delay includes the heating up time of 
the liquid drop, either by the heating surface or the oxidant, and the 
time of vapour transportation away from the drop surface to a zone in 
the oxidant where the fuel/oxidant mixture is capable of undergoing 
spontaneous ignition. It is generally held that the concentration of 
vapour in the oxidant at the zone where spontaneous ignition is possible 
lies within the limits of flammability and that simultaneously the 
temperature at this zone, after mixing, must be at or above the Spontan­
eous Ignition Temperature (s.I.T.) of the fuel. It follows that the 
minimum fuel temperature at which spontaneous ignition is possible is 
that at which the partial vapour pressure at the phase boundary can 
yield a mixture at the lean limit of flammability.
The chemical part of the ignition delay is the period of time from the 
commencement of a reaction between a fuel vapour and the oxidant to the 
time the reaction has accelerated to such a degree that the exothermal 
nature of the process leads to an abrupt increase of radiation, i.e., 
a hot flame. But because a reaction does commence and proceed 
between a fuel vapour and an oxidant in wide limits of concentration 
(not necessarily accelerating to ignition) and because a reaction 
velocity is a function of the concentration, usually neither the 
physical nor the chemical parts of the ignition delay can be accurately 
measured or defined in a heterogeneous system.
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A theoretical treatment of the process leading to ignition, and described 
above, would be complex. A symplifying assumption frequently made is 
that the ignition delay may be divided into two distinct time periods, 
one entirely physical and the other entirely chemical, the summation of 
which constitutes the total delay. Under these circumstances, the 
ignition delay may be expressed as some function of the following time 
and temperature dependent variables (9)s-
1 • Heating up time of liquid drop
2. Diffusive and convective flow of vapour from the drop surface
3. Chemical delay.
1.4. PREVIOUS WORK AND SCOPE OF PRESENT RESEARCH
Previous work on the effect of pressure on any part of the combustion 
process is limited. The major portion of such knowledge that exists 
has been provided by the diesel engine((10)(11)(12)(13) - among many) 
from which only an overall picture of the process(evaporation,ignition 
delay and burning of fuel) can be obtained; similarly, only an overall 
picture of the process emerges from the very few experiments that 
have been performed with heated, constant-volume bombs into which fuel 
was sprayed (l4)(l5)(t6)(2). Valuable experimental evidence has been 
and will continue to be obtained from such devices. If, however, a 
quantitative analysis of the characteristics of a fuel alone is sought, 
the masking effects of the infinite variation of spray characteristics 
and geometry and the infinite variation of combustion chamber size 
and shape must be eliminated. Thus, a test on a diesel engine, for 
example, is as much astest on the design of the combustion chamber and 
fuel injection equipment as a test on the fuel used. Two apparently 
very similar engines may yield quite different quantitative results.
Experimental evidence exists on all aspects of single fuel drop 
combustion (evaporation, ignition delay and burning) at atmospheric 
pressure ((17)(IB)(19)(20)(9) — among many). This evidence is limited 
in direct application because few mechanical devices utilizing a 
combustion process operate at atmospheric pressure. The only common
device which operates at atmospheric pressure (which the present author 
can recall) is the oil-fired burner for boiler heating. Even in this 
application, an investigation has been made to effect pressurization of 
the system (22).
Experimental evidence on single fuel drop combustion at elevated 
pressures is limited (23)(24)(25). There is, consequently, the need 
for more investigations of the combustion process of a single drop at 
elevated pressures.
Two investigations, conducted at atmospheric pressure, are relevant to 
the present work. These investigations are of the evaporation lifetime 
of liquid drops on a heated surface, by Tamura and Tanasawa (26), and 
the ignition delay of fuel drops on a heated surface, by Satcunanathan
(27).
The present work extends the investigation of Tamura and Tanasawa, and 
Satcunanathan, through a selected range of eight pressures, viz., 0, 
20,50,100,250,500,750 and 1000 lbf/in gauge, and investigates also 
the burning and combustion time and the * cleanliness1 of combustion of 
fuel drops burning on a heated surface at these pressures.
1*5 METHOD OF APPROACH
The present discussion is confined to the method of approach towards 
the work on the ignition delay of a fuel drop on a heated surface.
It is difficult to estimate the physical variables, described by 1 and 
2 of section 1.3, during the evaporation of a drop on a hot surface, 
much more so than during the evaporation of a suspended drop (9). The 
lines on which the present investigation of ignition delay was carried 
out are as follows.
The heating up time of a liquid drop and the transient diffusive and 
convective flow of vapour from the drop surface are related to the 
evaporation lifetime of the drop on a hot surface. Knowledge of the 
evaporation lifetime of a fuel drop on a polished stainless steel
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surface at a particular temperature and pressure (using an inert 
atmosphere to eliminate a chemical reaction), together with a knowledge 
of the ignition delay of the fuel drop in identical conditions of 
temperature and pressure (using air as the oxidant), enables a qualit­
ative assessment to be made of the influence of physical factors in 
ignition delay. Knowledge of the evaporation lifetime and ignition 
delay of the same fuel drop on a machined rough surface, intended to 
decrease the evaporation lifetime of the drop, enables a further 
qualitative assessment to be made of the influence of physical factors 
in ignition delay. Now if a comparison is made between the ignition 
delays on the polished and machined rough surface at identical temper­
atures and pressures, a quantitative assessment may be made of the 
relative influence of physical and chemical factors in ignition delay.
A second method of approach towards assessing the relative influence 
of physical and chemical factors in ignition delay is to calculate the 
chemical delay, using the ignition delay curves of the present work 
to set up the necessary chemical delay equation. This method relies 
on the chemical delay, rc , being a function of the mass reaction rate, 
w, as giben by the classical Arrhenius equation. The Arrhenius 
equation is,
i =   (1-1)
and was derived for ideal gases in an infinite system in which an 
isothermal chemical reaction proceeds in the absence of convection or 
other such perturbing influences and where wall effects are obviously 
absent. Though far removed from these conditions, with the reaction 
rate of complex fuel molecules with an oxidant not fully understood 
(28), the chemical delay may only be approximately expressed by an 
equation of similar form to the Arrhenius equation (29)(30)> viz.,
tc =  A- e b / l  p '*1     (1 -2 )
where n is approximately 1; A* and b are constants. At any given 
pressure, equation (1-2) may be written as,
^ + log^A1       (1-3)0O *
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Using the ignition delays of the present work, the constants. A* and h 
may he obtained from the intercept and slope, respectively, of the linear 
part of a low temperature log r vs* V t  plot. Hence equation (1-2) 
may be used to calculate the chemical delay at any other temperature.
In the opinion of the present author, the primary obstacle in the path 
of a general understanding of ignition delay is the controversy that 
exists regarding the relative influence of physical and chemical factors 
in ignition delay. Putting it into very simple terms, the controversy 
is whether the constant b in equation (1-2) is close to E/ %  or not at 
all temperatures,where E is the activation energy well known to be 
between 35 and 40 Kg -cal per mol. for many chemically controlled 
reactions. The present author shares the view of others (27)(33)(56) 
that the chemical delay is small or negligible at high temperatures, as 
would be obtained when b is close to Jost (33) is quoted to
lend support to this views-
n In the borderline cases of high temperature, a chemical reaction 
may be regarded as proceeding with infinite speed, and only the less 
temperature dependent physical processes are then responsible for the 
ignition delay «... Conversely, in the borderline cases of low 
temperature .... chemical reaction will proceed very slowly in 
comparison with the other processes, and it alone will determine the 
ignition delay”.
As Jost’s 1 borderline cases of high and low temperature’ are not useful 
definitions to the present work, the Transition Temperature is introduced 
instead. This is defined as the surface temperature at which physical 
and chemical factors have the same influence in the ignition delay of a 
fuel drop on a heated surface. Thus at surface temperatures above a 
Transition Temperature, physical factors dominate chemical factors in 
ignition delay and an ignition delay curve should reflect the shape of 
the respective evaporation lifetime curve. At surface temperatures 
below a Transition Temperature, chemical factors are important in 
ignition delay and an ignition delay curve should follow the relationship 
between chemical delay and temperature as predicted by equation (1-2)
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1.6 EXPERIMENTAL PROCEDURE
The main tests in the present investigation examine, first, the 
evaporation lifetime of drops of three pure engine reference fuels on 
a polished stainless steel surface in a heated pressure chamber con­
taining stagnant nitrogen. The method adopted to heat the chamber, 
described in chapter 2, limited the maximum chamber (and surface) 
temperature to about 530°C. Each fuel was examined, at any particular 
surface temperature, at eight selected pressures ranging from atmos­
pheric pressure to 69 atmospheres. Particular care was taken in the 
design of the chamber, described also in chapter 2, to ensure that the 
drop in contact with the surface was clearly visible through the 
windows of the chamber# This work on evaporation was subjected to 
theoretical analysis.
The next stage in the investigation was to examine the ignition delay, 
and the burning and combustion time of drops of the four engine 
reference fuels on the same surface in the chamber, containing now 
stagnant air# A comparison of evaporation lifetime, ignition delay, 
and burning and combustion time was then made# Two of the reference 
fuels used at this stage have very similar physical properties and one 
set of evaporation lifetime curves was used for the comparison. Sub­
sidiary tests were then carried out to determine various effects, as 
follows.
The evaporation lifetimes of drops of several fuels, including -those 
examined in the chamber, were examined on the polished stainless steel 
surface exposed to the atmosphere i#e#* external to the chamber. These 
lifetimes were determined primarily for the purpose of comparison with 
the atmospheric pressure evaporation lifetime curves obtained from 
tests in the chamber in order to estimate the influence of the different 
conditions present in the chamber on the lifetimes, and also to support 
the theoretical work on evaporation;for the same purpose, the evaporat­
ion lifetime of drops of water on the polished stainless steel surface 
were examined at atmospheric pressure in the chamber (using air) and 
on the identical surface exposed to the atmosphere.
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The evaporation lifetime of drops of a fuel were examined oh the 
polished surfaces of three different materials exposed to the atmosphere 
in order to determine the effect of surface material on evaporation life­
time.
The evaporation lifetime of drops of a fuel were examined on a surface 
having a machined rough texture and exposed to the atmosphere. The 
surface texture was designed to reduce the evaporation lifetime consid­
erably from that obtained on the polished surfaces otherwise used.
This surface was then fitted into the chamber and the ignition delay, 
and burning and combustion time of drops of two fuels determined at 
the eight selected pressures previously mentioned. Because of the 
degree of roughness of the surface, the drop was not visible on this 
surface when viewing through the chamber windows and the effect of 
pressure on the evaporation lifetime of a drop on this surface could 
not be determined.
A summary of the test procedure followed, and the fuels used, is 
given below.
1. MAIN TESTS
These were carried out on a polished stainless steel surface in the 
pressure chamber.
a) Evaporation Lifetime of Drops on a Heated Surface
The following liquids were examined at eight pressures:- 
(i) n-Heptane (C^ H^)
(ii) n-Hexadecane (C^g H^)
(iii) a-methylnaphthalene (C q^ H^. CH^ )
b) Ignition Delay and Burning Time of Drops on a Heated Surface 
The following four liquids were examined at eight pressures
(i) n-Heptane - Octane No.O ) Reference fuels
(ii) 2,2,4-Trimethylpentane (CgB^) - Octane Ho.100 j i^ti^^gines.
(iii) a-methylnaphthalene - Cfttone No.O ) Reference fuels
(iv) n-Hexadecane - Otane No.lOoj engines36 "^
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For the purpose of comparison between evaporation lifetime, ignition 
delay and burning time, it was assumed that the evaporation lifetime of 
2,2,4-Trimethylpentane drops was similar to that of n-Heptane drops.
During the course of test l(b)(iv), the * cleanlinessf of combustion of 
n-Hexadecane drops was examined.
2. SUBSIDIARY TESTS
a) Evaporation Lifetime of Drops on a Heated Surface
On the polished stainless steel surface exposed to the atmosphere, 
the following five liquids were examinedi-
(i) n-Heptane
(ii) n-Nonane (C^H^q)
(iii) n-Dodecane (C! H^)
12 2b
(iv) n-Hexadecane
(v) Water
On the polished stainless steel surface, the following liquid was 
examined in the chamber at atmospheric pressure only:-
(vi) Water.
On polished surfaces (exposed to the atmosphere) of the following 
materials - aluminium, stainless steel and fused quartz - the 
following liquid was examined:-
(vii) 2,2,4-Trimethylpentane.
On the machined rough stainless steel surface exposed to the 
atmosphere, the following liquid was examineds-
(viii) n-Heptane.
b) Ignition Delay and Burning Time of Drops on a Heated Surface
On the machined rough stainless steel surface in the pressure chamber, 
the following two liquids were examined at eight pressures ;-
(i) n-Heptane
(ii) n-Hexadecane.
27
1.7 STATEMENT OF WOBK
The effect of pressure on the evaporation lifetime, the ignition delay, 
and the burning and combustion time of single drops of the four engine 
reference fuels on a heated surface has been investigated; the liquid 
fuels are n-Heptane, n-Hexadecane,2,2,4-Trimethylpentane and a-methyl­
naphthalene j the pressures used range from atmospheric pressure to 69 
atmospheres. No results have been previously published on the evapor­
ation lifetime and ignition delay of liquid fuel drops on a heated 
surface at pressures other than atmospheric pressure. No results have 
been previously published on the burning and combustion time of liquid 
fuel drops on a heated surface. In addition, the ’ cleanliness• of 
combustion of a n-Hexadecane drop on a heated surface has been invest­
igated; no results have been previously published on the •cleanliness1 
of combustion of a single liquid fuel drop. The present work therefore 
breaks new ground in the fields of evaporative mass transfer and 
combustion.
It is suggested that the results of the present work will be applicable 
to fields of evaporative mass transfer, in general, and of combustion, 
in particular wherever liquid fuel drops accidentally or deliberately 
come into contact with heated surfaces as for instance in diesel engines, 
gas turbines and vaporizing burners.
CHAPTER 2.
A P P A R A T U S
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2.1 Pressure Chamber*
Of foremost consideration in the design of the pressure chamber was the 
ability to visually study the processes of evaporation and combustion of a 
fuel drop on a surface within the chamber.
The construction of the chamber is shown in an exploded view in Fig. 2-1. 
Details of materials used are given on this drawing.
The chamber is assembled from four major components, the body, the top cover, 
and the two window retaining covers. The latter three components are 
bolted to the body as shown.
The windows, through which is visible the surface, are of fused quartz and
are located in recesses in two opposite faces of the body. These windows,
an
together with the chamber itself, are designed to withstandyintemal pressure 
of 5000 lbf/ir? at a temperature of 600°C, though both these values are in 
excess of the maximum temperature and pressure used during the series of 
experiments. On account of the great difficulties experienced and the con­
siderable time spent in effecting adequate sealing of the windows in the 
chamber, some details of the successful arrangement are given.
Design and safety considerations necessitated windows 2 in. diameter and 
0*9 in. thick. As is well known, the coefficients of linear expansion of 
fused quartz and stainless steel are veiy different. The coefficient of 
linear expansion of the particular stainless steel used for the chamber is 
approximately thirty, dx times that of fused quartz, Over the maximum 
temperature range then,differential expansion will be of the order of 0*01 
in/in, this being in effect over both the diameter and thickness of the 
window. Consequently, two factors had to be considered. First, the 
longitudinal differential expansion between the window recess and the 
window , amounting to 0*009 in* maximum, had to be compensated by a sliding 
seal. Second, the radial differential expansion between the window recess 
and window, amounting to 0*02 in. maximum, had to be permitted under the 
pressure of the seal without damage to the quartz.
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The arrangement that proved satisfactoiy was one in which a stainless steel 
0-ring acts as the sliding seal* This 0-ring is hollow, has a wall thick­
ness of 001 in*, and is pressurised during manufacture- Its resilience is, 
consequently, in excess of that normally experienced with metallic seals* To 
facilitate sliding, the ring is silver plated.
The assembled seal is shown in a scrap section in Fig* 2-1 • Sealing is 
effected at both the periphery and the faces of the V 8 in. diameter section 
0-ring. During the course of heating up the chamber, the pressure of this 
0-ring on the face of the window is maintained by four disc springs of a 
strength above that necessary to cause the seal to slide in its housing 
despite friction at the periphery.
Since the material of the Oring and the chamber has the same coefficient cf 
expansion, radial movement of the seal over the face of tie window occurs 
also during the course of heating up the chamber. To prevent damage to the 
window, a graphited gasket is placed adjacent to the window face and a silver 
annular ring interposed between this and the 0-ring seal to spread the 
considerable force exerted by the 0-ring seal on the face of the quartz 
window over a small annular contact area.
In the event of leakage past this arrangement, which constitutes the main gas 
seal, subsidiary seals are provided downstream of it. Two paths of escape 
to the atmosphere are available to possible gas leakage past the main seal; 
either past the window face, opposite to the main seal, and the window 
retaining cover or between the shims placed between the body of the chamber 
and the window retaining cover. At the former position, and also acting as 
a cushion for the quartz window against the pressure exerted on the window by 
both the gas pressure in the chamber and the disc springs, is a graphited 
gasket, while at the latter position is fitted a 3/5 2 in. diameter section 
0-ring, of the type described above.
The arrangement proved sufficiently gas tight to permit pressures of up to 
1500 lbf/in^ at 550°C to be retained in the chamber with an insignificant 
rate of leakage. However, the fretting caused by the main seal moving over
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the face of the window after several cycles of heating and cooling of the 
chamber resulted in eventual failure of the main seal due to an annular 
disintegration of the quartz immediately under the seal.
*3/Under the top cover to the chamber, a * 32 in. diameter section 0-ring, of 
the type described above, is fitted to effect sealing at this joint.
2.2 INJECTOR ASSEMBLY.
The assembly is also shown in Fig 2-1, portions being drawn cut away to show 
the stainless steel hypodermic tubing carrying the liquid fuel from the pump 
(to be described later) and the surrounding water jacket. The dimensions of 
this tubing are 0*020 in. 0/d , 0*011 in. I/D.
The water jacket is brought down., to below the lower end of the tubing so that 
a drop forming on this end is in a comparatively cold gas pocket until such a 
time as its accumulated mass causes it to drop into the chamber.
2*2 SURFACE
The surface on to which the drop falls is shown in Fig.2—1 at the base of the 
chamber, supported on a copper block which acts as a path of heat conduction 
from the chamber walls to the surface. The surface is so set in the chamber 
and on this block that its top surface is visible at the bottom of the windows 
when viewing horizontally through the chamber* About 1-jr in. of space above 
the surface can be seen in this way also.
In the main experiments conducted in the chamber, stainless steel discs were 
used as surfaces, these having dimensions of 2 in. diameter and 5/s in.thick. 
They were considered of sufficient size to ensure that bulk cooling, by the 
evaporation of one liquid drop at a time on them, was negligible. Two types 
of disc were manufactured, the one having a polished upper surface and the 
other having a machined rough surface. The former has a concave depression, 
of 1 in. chordal diameter and of 4 in. spherical radius, machined in the 
centre of the top surface to prevent drops skidding out of view after making 
contact. To ensure that the consistency of the polish given to the former 
surface was maintained for each test 400 grade paper was applied wet to the
32
depression with the surface rotated in a lathe before fitting the surface 
into the chamber.
Both surfaces were provided with a l/l6 in. diameter hole, drilled from the 
periphery to the centre of the disc and 1/32 i*1* below the concave depression 
into which a thermocouple could be passed.
Both surfaces are shown in Plate III (b).
2.4 FURNACE
The arrangement selected for the construction of the furnace was one in which 
the furnace is divided into two compartments, the larger one containing the 
chamber and the smaller containing resistance wire heating elements. 
Passages are provided between the two compartments, at the top and bottom 
of the furnace, so that heat transfer between the two is by the convective 
flow of air. No diagram is shown of the furnace alone but, if reference is 
made to Figs.2-2,2-3 and 2-4, the relative positions of the compartments, 
heating elements and the chamber will be clear. The inner walls of the 
furnace are constructed of firebrick, the outer walls of asbestos board and 
the space between is filled with asbestos fibre.
The chamber is supported on the inner walls of the furnace on extension 
tubes fitted to the window retaining covers which pass through the walls of 
the furnace to the exterior and through which the surface within the chamber 
may be viewed. An uninterrupted convective flow of air around the chamber 
assembly is ensured with this arrangement.
Access to the interior of the chamber, necessary to renew the surface during 
the course of a test, is through a removable cover situated in the top of the 
furnace and directly over the chamber. On removal of this cover, the top 
cover of the chamber may be removed by passing an extension spanner through 
the opening and slackening the twelve holding down bolts. This operation 
can be performed whatever the internal temperature of the furnace, though it 
was necessary to wear asbestos gloves.
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At the base of the furnace is a preheating coil containing fresh gas for re­
charging the chamber. This will be described later. The construction of 
the furnace, together with the assembled chamber fitted into its larger 
compartment, is shown in Plate II(a).
2.5 ELECTRICAL HEATING CIRCUITS.
The wire heating elements in the smaller compartment of the furnace have 
already been mentioned in the previous section. These elements are bar 
type electric fire elements rewound with a superior quality nickel-chrome 
wire.
As shown in Fig.2-2, one set of elements, four ih number, is connected to 
mains via a variable transformer and a mercury relay. The relay is switched 
by an Ether temperature controller, the e.m.f. to this instrument being 
supplied by a thermocouple located in a drilled blind hole in the side of the 
pressure chamber. This arrangement permits fine temperature control of the 
furnace temperature. The other set of elements, five in number, is connected 
direct on line. The first set of elements carries a maximum current of 8
amps, the second set, 6 amps.
2-6 CAS PRESSURISING SYSTEM.
As shown in Fig.2~3, the supply of compressed air for combustion tests is 
obtained from a Siebe Gorman 3-stage compressor, of a type normally used for 
pressurising diver!s air bottles. The filter on the compressor is, 
consequently, adequate for ensuring that air delivery from it is uncontaminated 
by oil.
With valve 1 closed and valve 2 open, the reservoir bottles and the gas pre-
heatingcoil are normally kept charged to a pressure of about 1200 lbf/in .,
this high pressure line terminating at a water cooled valve 3 embedded in 
the furnace wall.
The preheating coil is made up from forty feet of stainless steel tubing of 
in. bore, the total volume of which is nearly twice the volume of free 
space in the chamber. All gas entering the chamber, 04 partly opening
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valve 3* is consequently preheated to the temperature of the chamber. Two 
benefits are derived from this. First, the time for equilibrium temperature
i
to be reached in the chamber after a fresh charge of gas has been admitted
is negligible. Second, the risk of fracture of the quartz windows due to
thermal stress is eliminated.
Downstream of valve 3 and after the chamber, the line at chamber pressure 
branches into two lines. One is the chamber scavenge line leading to the 
atmosphere via valve 4. The other, containing relatively stagnant cool air, 
terminates in a pressure gauge and also branches further to incorporate a 
pressure relief valve set to lift at 1500 lbf/in •
For the evaporation tests valve 1 is opened and valve 2 closed to switch the
nitrogen bottle into the circuit in lieu of the compressor.
2.7 FUEL PRESSURISING SYSTEM.
To admit one drop at a time only into the chamber, via the injector, at all 
pressures within the chamber necessitated a pump whose piston motion could 
be controlled finely and whose piston was indefinitely leakproof against the 
back pressure of the gas in the chamber.
Accordingly, a pump was designed and constructed having a piston of i  in. 
diameter fitted with two synthetic rubber rectangular section 0-rings.
Forward motion of the piston, to deliver fuel, is actuated by the manual 
rotation of a screwed spindle abutting the piston. To recharge the 
cylinder with fresh fuel, the piston is partly withdrawn from the cylinder 
by means of the handle provided, with valve 1 open. Downstream of the 
piston, a trap is provided in the pump to prevent minute particles of 
rubber from the 0-rings entering the delivery line to the injector.
The arrangement of the pump, fuel supply and delivery lines is shown in Fig. 
3-4. A difficulty experienced during trials on the apparatus was the 
inability to prevent unwanted drops dripping into the chamber after the 
first drop had been delivered, despite a continuous column of liquid in 
the lines. This was overcome by two means* First, hypodermic tubing
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was used for the lines to minimize the elastic strain of the walls and also 
to utilize viscous forces present in flow through such fine bore tubing*
Second, a needle valve 2 was introduced in the delivery line immediately
f
before the injector, so adjusted that a pressure differential of at least 
21500 lbf/in exists in the delivery line upstream and downstream of this 
valve before fuel is forced through this valve. The purpose of this 
valve is to maintain a static column of liquid in the hypodermic tubing of 
the injector despite changes of pressure within the chamber caused by 
charging and scavenging.
It was found that this arrangement was satisfactory provided that the thrust 
applied by the screwed spindle on the piston was released immediately after 
the first drop fell.
fuel /x
A view of the/pressurising system is shown in Plate II(b;*
2.8 ELECTRONIC TIMING SYSTEMS.
It is necessary to differentiate between the requirements of evaporation and 
combustion tests. Although evaporation tests on any particular fuel invar­
iably preceded combustion tests on the same fuel, it is more convenient to 
describe the electronic circuits, together with the necessary optical system, 
in the reverse order.
2« a.i1, CIRCUITS FOR COMBUSTION TESTS
It was decided that the most suitable method of obtaining the time interval 
between the drop entering the chamber and its subsequent ignition followed 
by the time interval during which the drop bums completely was by the 
delivery of electric pulses from appropriate circuits to two chronometers 
using photoelectric devices for detecting or monitoring the sequence of 
events.
As shown in Fig.2~2, light from a d.c. operated lamp is focused by a lens 
through the quartz windows to a small point inside the chamber, 0*85 in. 
below the tip of the injector and 1*00 in. above the surfaoe. Normally, 
this light passes uninterrupted through the opposite window and is focussed
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by another lens on to a low light intensity silicon photovoltaic cell. This 
cell is connected to the circuit shown in Fig.2-5» which is fully described 
in Section 1.2, Appendix I. The drop falling through the chamber interrupts 
this beam momentarily which causes a pulse to be delivered to the 'start* of 
chronometer A (terminal i).
On the drop contacting the surface and subsequently igniting, the light from 
the flame is collected by another and much larger lens and focussed on to a 
second silicon photovoltaic cell# This cell is connected to the circuit 
shown in Fig.2-6, which is fully described in Section 1.5,Appendix I. On 
detecting light from the flame, this circuit delivers a pulse to the 'stop' 
of chronometer A (terminal 2) and the * start' of chronometer B (terminal
The cell continues to monitor the light from the flame and, on its extinction, 
the circuit of Fig.2-6 causes a pulse to be delivered to the 'stop' of 
chronometer B (terminal 4)•
From the readings of chronometer A and B, the apparent ignition delay and 
burning time, respectively, are recorded. In Appendix II it is shown how 
the readings of chronometer A are modified, to allow for the time taken for 
the drop to fall from the height of the light beam to the surface, to obtain 
the true ignition delay on the surface.
When setting the photovoltaic cells in position on the rig, great care was 
taken to shield the second cell from extraneous light, including that falling 
on the first cell.
A view of the optical system and the relative positions of the photovoltaic 
cells is shown in Plate Ill(a).
2.8^ .2* CIRCUITS FOR EVAPORATION TESTS
From preliminary evaporation tests carried out on a heated surface exposed to 
the atmosphere, these tests to be described later, it was found that instead 
of using a photographic technique to record the evaporation lifetime of a 
drop on a hot surface, a manually operated technique using a chronometer as
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a stop-watch was of sufficient accuracy. During trials, it was found that 
the time interval between a drop appearing on the surface after injection and
4.
its subsequent evaporation could be judged by eye to an accuracy of - 0*02 s 
with ease and - 0*01s if greater concentration was applied.
The findings were confirmee? using a high speed camera filming at over 200 
frames/s, in conjunction with a high resolution telephoto lens. Accurate 
timing marks are automatically recorded on the film.
The circuit devised for switching the chronometer incorporates a manually 
operated switch actuated by a very light pressure of two adjacent fingers of 
one hand, one finger operating the * start* contact and the other the ’stop* 
contact. This circuit is shown in Fig.2-7 and is fully described in 
section 1.4, Appendix I.
However, in section 2.8.1/, there was described the optical system and 
electronic circuit which delivers a pulse to the fstart* of chronometer A 
(terminal 1) on the interruption of the beam of light passing through the 
chamber by the falling drop. Consequently, this set-up was used to signify 
the arrival of a drop in the chamber and the manually operated switch used 
only to terminate counting of the chronometer on its subsequent complete 
evaporation* This circuit was connected to the ’stop* of chronometer A
(terminal 2). The readings of chronometer A were modified, as described in
Appendix II, to allow for the time taken for the drop to fall from the height 
of the light beam to the surface to obtain the true evaporation lifetime on 
the surface.
2.9 TEMPERATURE MEASUREMENT
The instrumentation is shown in Fig.2-2. For accurate temperature measure­
ment of the surface within the chamber, a six-core sheathed thermocouple 
assembly is passed through a pressure tight fitting in the chamber wall, 
one pair of wires being passed into the ^16 in.diameter hole drilled in 
the surface with the bead at the centre of the surface and just below the 
concave depression. The remaining two pairs are situated in the gas above
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the surface, and to one side of centre, and the other adjacent to the 
injector tip, the cool spot in the chamber.
The thermocouple located in the surface is connected to a thermocouple 
potentiometer, equipped with cold junction compensation, and provides the 
recorded temperature of the surface. The remaining pair of thermocouples, 
together with two more located in the furnace, may be switched into the 
potentiometer should a spot check on the temperature at their respective 
locations be thought necessary.
The location of thethermocouple connected to the Ether temperature controller 
has already been described* The instrument displays an approximate value of 
the temperature of the chamber wall*
2*10 PHOTOGRAPHIC EQUIPMENT
To record any transient processes during the evaporation and combustion 
tests a Hitachi 16 M high-speed camera (100-2000 frames/s) was employed in 
conjunction with a Nikkor telephoto lens of 10.5 cm. focal length, fi2*5> 
and extension tubes. Accurate timing marks are produced on the edge of the 
film during filming at intervals corresponding to 10 ms.
The above describes the pressure chamber together with ancillary equipment 
and instrumentations A general view of the apparatus is shown in Plate I.
Some subsidiary evaporation tests were performed on a heated surface exposed 
to the atmosphere and mentioned briefly in section 2.8.2. This apparatus 
is described below.
2.11 APPARATUS FOR EVAPORATION TESTS ON A SURFACE EXPOSED TO THE ATMOSPHERE. 
As shown in Fig.2-8, the surface (of similar dimensions to that described in 
section 2.3) is supported over a refractory brick furnace and heated from 
below only*
The standard injector, described in section 2*2, is employed to deliver the 
drops, the supply being adjusted at the valve so that drops fall at regular
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intervals of about 12-15s on to the surface. A plate oan always be 
introduced between the injector and the surface to deflect unwanted drops.
Timing of the evaporation lifetime of drops on the surface is by utilizing 
the circuit of Fig.2-7, both manually operated switches being actuated to 
start and stop the chronometer. The degree of accuracy achieved by this 
method and the mode of operation of the switch has already been described 
in section 2.8.2.
Two additional surfaces were used in these tests, of aluminium and fused 
quartz, these being also shown in Plate Ill(b).
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CHAPTER 3.
THE EVAPORATION OF LIQUID DROPS ON A HEATED SURFACE.
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3.1 INTRODUCTION
The first sections of this chapter are devoted to descriptions of the drop 
shapes and of other phenomena observed during the main evaporation tests in 
the pressure chamber. In the course of these descriptions, any deductions 
made from the observations, regarding the drop shapes and other phenomena, 
are introduced where they are important and relevant*
A theoretical treatment follows, in subsequent sections, of three important 
modes of evaporation observed on a hot surface and the chapter concludes with 
a discussion of experimental and theoretical results.
The subsidiary evaporation tests, carried out on surfaces exposed to the 
atmosphere, are introduced into the concluding discussion in support of the 
theoretical work.
3.2 TEST PROCEDURE
The apparatus and timing instrumentation for these tests have been described 
in chapter 2. The test procedure is now briefly described.
The electrical input to the heating elements in the furnace was adjusted so 
that the temperature of the chamber rose continuously, but slowly at not more 
than 25 deg.C/h. After pressurising the chamber to a selected pressure, 
about 30 seconds were allowed to elapse before the surface temperature was 
recorded and a drop then injected #nto the surface. The evaporation lifetime 
was then recorded. The chamber was scavenged and pressurised again to the 
next higher selected pressure and the procedure repeated* After the lifetime 
and respective surface temperatures at the eight selected pressures had been 
recorded, the chamber (and surface) temperature had meanwhile risen about 
5 deg.C, allowing the test procedure to be repeated without delay. When the 
maximum chamber temperature had been reached (approximately 530°c), the 
chamber was allowed to cool slowly, the rate being controlled as before, and 
the complete test procedure repeated. Consequently, two complete sets of 
results were recorded for each liquid used for the drops.
The ideally continuous test procedure, described above, was interrupted only
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when it was observed that the surface was becoming dirty. A telescope 
facilitated this observation. While changing the surface the chamber 
temperature invariably dropped'and a delay followed until the temperature 
could be restored; but, before continuing the test, it was always ensured 
that a generous overlap of subsequent and previous surface temperature 
existed. This meant that it frequently occurred that as many as four 
experimental evaporation lifetimes were recorded at any particular surface 
temperature and gas pressure.
3*3- experimental results from evaporation tests in  the pressure chamber.
Figures 3-1 >3-2 and 5-3 show the evaporation lifetimes obtained for drops of 
n-Heptane, n-Hexadecane and a-methylnaphthalene, respectively, on a polished 
stainless steel surface, at various pressures, and with the surface 
temperature as the independent variable. The lifetime is the time from the 
drop first contacting the surface to its complete evaporation.
Before plotting the results, the lifetimes recorded by chronometer A were 
corrected by deducting the time of fall from the light beam to the surface . 
The times of fall from the light beam to the surface for various temperatures 
and pressures are presented in Appendix II.
3.4 DESCRIPTION OF AN EVAPORATION LIFETIME CURVE
Tamura and Tanasawa (26) have described the shape of a drop, at atmospheric 
pressure, when it evaporates on a hot surface, with various surface temperat­
ures. In this section, some of their findings are repeated.  ^It is necess­
ary to describe the drop shapes at atmospheric pressure in order to describe, 
in subsequent sections of this chapter, the change of drop shape with an 
increase of pressure. In this section, as in all subsequent sections of 
this chapter, the slight concavity of the surface is neglected when 
describing the drop shapes unless the effect of the concavity on the drop 
shape is pronounced.
The evaporation of a drop on a hot surface will now be described, using 
Fig.3-1 which is for n-Heptane drops. In Fig.3-1 > the atmospheric pressure 
curve is labelled as follows:-
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(i) a-b, where *bf is just below the saturated liquid temperature at 
atmospheric pressure* The drop falls onto the surface and rapidly spreads 
into the shape of a thin plano-convex lens. Spreading soon stops and the 
liquid lens gradually evaporates, retaining a very similar shape as it 
diminishes in size* This mode of evaporation is characterised by liquid 
contact being maintained over the whole area of the liquid/surface interface 
during the evaporation lifetime, with mass transfer taking place from the 
drop surface* Hereafter, evaporation in this range will be defined as 
rtrue contact evaporation* and the lens shaped drop will be described as a 
liquid film. This is the first important mode of evaporation.
A sudden change in the slope of the evaporation lifetime curve occurs 
between *b* and !c!.
(ii) c-d, where *c* is just above the saturated liquid temperature at 
atmospheric pressure and *d* corresponds to a surface temperature 40 deg.C 
above that at *bf; the temperature interval is variable with the liquid 
used,pressure, and the surface material and finish used. The drop rests on 
the surface in the shape of a plano-convex lens, but with ragged boundaries, 
with random parts of the liquid lens being intermittently separated from the 
surface by a layer of vapour. Occasionally, a vapour bubble appears at the 
centre of the lens and remains there until almost all the liquid has 
evaporated, at which time it bursts* If this vapour bubble appears, it 
causes a small increase in evaporation lifetime compared with the lifetime 
with the bubble absent. As *d! is approached from *c*, the process of 
evaporation becomes more rapid and violent until at *df, sudden and violent 
vaporization occurs everywhere in the liquid almost immediately after the 
drop contacts the surface.
(iii) d-e. where fe! corresponds to a surface temperature some 10 to 15 
deg.C above that at *d*; the temperature interval is variable with the 
liquid used,pressure, and the surface material and finish used, A gradual 
transition is made from sudden and violent vaporization in a liquid lens, at 
td!, to sudden and violent vaporization in a shape that may be described as 
an ill—defined sphere of part—sphere, at fe*i The evaporation lifetime is
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sensibly constant in this range*
In this work, evaporation in this range will be defined as evaporation in 
the ’Maximum Evaporation Rate Range’ in preference to the definition given 
by Tamura and Tanasawa (26) to this mode of evaporation, namely evaporation 
at the ’Maximum Boiling Rate Point’. No distinct point at which the 
evaporation lifetime was least was observed. Evaporation in this range is 
the second important mode of evaporation.
A sudden increase in evaporation lifetime and a sudden increase in drop 
definition occurs between ’e! and rf’. Thus, the ill-defined sphere or 
part-sphere at *e* becomes a well-defined sphere or part-sphere at ’f’.
(It ) f-g. where ’f ’ corresponds to a surface temperature slightly above 
that at ’ e ’. In the range rf-g!, the drop gathers itself up into the 
shape of a sphere, or part-sphere, after contacting the surface and dances 
up and down on the surface until its size has diminished, whereupon continual 
contact is suddenly made with the surface and the evaporation process 
described at !e* completes the evaporation. Frequently, the drop breaks up 
at initial contact with the surface so that several smaller satellite drops 
dance up and down on the surface also. As the surface temperature approaches 
*g*, the drop dances up and down much less vigorously and a larger quantity 
of liquid is evaporated while the drop is supported on a vapour seat before 
continual contact is suddenly made with the surface. The range ’f-g’ is 
a very unstable mode of evaporation with considerable scatter of experimental 
points.
(v) g-h-i. the spheroidal evaporation range. At ’g*, an ill-defined point 
on the curve, sometimes called the TI,eidenfrost point*, the drop after 
initial contact with the surface is lifted and supported on a vapour seat 
until ideally all the liquid has evaporated. (in practice, at !g’ and 
higher temperatures, when the drop size has diminished to about 64 in. 
diameter, vertical oscillation of the liquid drop on its seat ensues with 
increasing amplitude until continual contact is suddenly made with the 
surface. Amplitudes of ^  in. can occur). The drop sits on its vapour
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seat in the shape of a near-perfect truncated sphere, the flat bottom 
adjacent to the seat. (Plate iv(a) shows a n-Heptane drop, of initial mass 
2*8 mg, soon after the drop -was lifted on its vapour seat, at atmospheric 
pressure). Evaporation of the drop continues with this shape until it is 
about 1/^2 in.diameter, when its shape gradually changes to that of a near­
perfect sphere. It is after this change of shape has taken place that the 
vertical oscillation of the drop ensues, i.e., when the drop is about V64 in. 
diameter. Point *g! for n-Heptane corresponds to a surface temperature 
approximately 100 deg C above the saturated liquid temperature; the 
temperature interval is variable with the liquid used, pressure, and the 
surface material and finish used. Point Th* corresponds to a surface 
temperature at which an unexpected increase in evaporation lifetime occurs 
(not present with drops of all liquids). . The phenomenon observed at 1h* 
was that of a comparatively large drop in vertical oscillation on its seat, 
but with a small and steady amplitude. Pinal evaporation of the drop, when 
it was very small, was as previously described.
Hereafter, evaporation in the range ‘g^ j* will be described as spheroidal 
evaporation. This is the third important mode of evaporation.
It may be noted here that two phenomena, mentioned in the description of 
an evaporation lifetime curve, are absent from the work of Tamura and 
Tanasawa; these are. the transition in drop shape between *d* and fef and 
the behaviour of the drop at the surface temperature corresponding to 'hf.
The transition from true contact evaporation to spheroidal evaporation, i.e., 
from 'b1 to *gl, is complex. Point *df may be regarded as the point of 
transition, in the transition range ’b-gr, from contact evaporation (but not 
true contact evaporation) to a form of spheroidal evaporation (but with the 
drop still in partial contact with the surface because the vapour pressure 
at the liquid/surf ace interface is yet insufficient to lift the drop).
The effect of pressure on the evaporation oi* drops on a hot surface is now 
considered.
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5*5- EFFECT OF PRESSURE ON THE DROP SHAPES IN TRUE CONTACT EVAPORATION
3.5.1 DESCRIPTION OF DROP SHAPES
In section 3*4(i), the liquid film shape in the range ra-br, Fig. 3-1 > was 
described for n-Heptane drops at atmospheric pressure.
Pictorial representations have been made in Fig.3-4 (a) to (d) of the liquid 
film shapes observed during true contact evaporation at several selected 
pressures and surface temperatures, but below the critical temperature.
Evidence for these representations was obtained either by visual observation 
or with the aid of high speed photography (500 frames/s). A ^/l6 in. 
diameter steel ball was photographed on the surface and the machined concave 
depression in the surface on to which the drop fell is 1 in.diameter; 
these datum dimensions enabled estimates to be made of the degree of spread 
of the drop into a film after initial contact with the surface. A qualitative 
assessment of the rate of mass transfer could be made from visual observation 
of the density and velocity of the vapour stream leaving the liquid surface.
Fig.3-4 (a) to (d) shows the approximate film shape on initial contact of 
the drop with the surface, in heavy outline, together with approximate 
subsequent shapes, in faint outline, after three increments of time and in 
the presence of mass transfer from the liquid. The four representations 
shown are described in conjunction with Fig. 3-1; points *af and *bT are 
shown in Fig. 3-1 on other evaporation lifetime curves below the critical 
pressure and temperature, where *b* is just below the saturated liquid 
temperature at the respective pressure.
Fig.3-4(a) a typical film shape at low pressures, near atmospheric, in 
the low temperature region near faf in Fig.3-1* The film evaporates slowly, 
a very similar lens shape being retained with time.
Fig.3-4(b) - a typical film shape at low pressures, near atmospheric, in 
the high temperature region near *b! in Fig.3-1 • After initial contact with 
the surface the film spreads slightly, with a greater rate of evaporation 
occurring over a peripheral annular ring where the drop is thinnest • When 
the film has thinned to an almost uniform thickness, final evaporation is 
accompanied by a rapid decrease in diameter.
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Fig.*5-4 (0) - a typical film shape at high pressures, near the critical, in
the low temperature region near TaT in Fig. 3-1 • The film spreads considerably 
before any significant evaporation commences. Once evaporation commences, the 
rate of evaporation is low (but still much greater than for Fig.3-4(a) ) with 
a contracting boundary.
Fig.3-4(a)- a typical film shape at high pressures, near the critical, in the 
high temperature region near ’bl in Fig.3-1. The film spreads considerably 
but with continual slight evaporation as it does so. The rate of evaporation 
accelerates and final evaporation is very rapid with a stationary boundary.
Because of the slight concavity of the surface and the thinness of the films, 
it was observed that the actual top surface of the liquid film was not as 
depieted by Fig.3-4(c) and (d) but was slightly concave also.
A typical evaporation lifetime curve above the critical pressure is labelled 
in Fig•3-1» the labelled curve is for a pressure of 500 lbf/in gauge. The 
film shapes in the range rk-l* are accurately described by Fig.3-4(c), in the 
low temperature region near fk* in Fig.3-1, and by Fig.3-4(d), in the high 
temperature region near *1* in Fig.3M * The surface temperature corresponding 
to flf is not the critical temperature(267°C for n-Heptane) but some 10 to 15 
dec C less# The mode of evaporation at higher surface temperatures than that 
at ’lf is always true contact evaporation, as defined in section 3*4(i), 
because the vapour pressure is never sufficient to lift the drop. However, 
the liquid shape on the surface is not a film. The change in the drop shape 
in the range 'l-m* is similar to the change in the drop shape occurring in the 
range fd-ef at atmospheric pressure* described in section 3»4(iii). The 
liquid film at *1! gradually changes to a part-spherical shape as the temper­
ature of the surface is raised to beyond the critical temperature. Unlike 
in the range M-e* at atmospheric pressure, the liquid drop is well-defined 
and remains in continual contact with the surface during evaporation in the 
range ’l-mf. The range ’m-n! in Fig.3-1 is described by:-
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Fig.3-4(e) - a typical drop shape in conditions of temperature and
pressure above the critical point of the liquid. Spheroidal evaporation is 
initially attempted but the vapour pressure at the liquid/surface interface 
is always insufficient to lift the drop. As the liquid temperature rises, 
the drop collapses and evaporates at a very rapid rate producing dense 
clouds of vapour. The phase boundary is always distinct, clearly signify­
ing that the liquid temperature never reaches the critical temperature 
during the evaporation lifetime of the drop. Plate IV(c) shows a n- 
Hexadecane drop evaporating on a surface at a temperature and pressure 
well above the critical point of the liquid. Evaporation lifetimes in 
the range 'm-n’ are constant and independent of temperature and pressure, 
as shown in Figs. 3-1 and 3-2.
Evaporation in conditions of temperature and pressure above the critical 
point was introduced into this section for continuity of discussion of 
true contact evaporation above the critical pressure. It is more 
convenient, henceforth, to include evaporation in these conditions 
with evaporation in the Maximum Evaporation Rate Range; the latter is 
the second important mode of evaporation and is considered in sections
3.6 and 3»9*
3*5.2. FACTORS RESPONSIBLE FOR THE DROP SHAPES.
The factors responsible for determining the film shape during true contact 
evaporation on a surface are surface tension, viscosity and gravity; 
under certain circumstances, to be described in the next section, the 
evaporation lifetime is a factor.
Four surface tension forces are present. These are, that between liquid 
molecules, that between the liquid and the surface, that between the vapour 
and the surface and that between the vapour and the liquid. It may be
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assumed that the surface tension forces present between the vapour and the 
surface and the vapour and the liquid are small compared with the remaining 
two forces described above and may be neglected.
The drop liquid temperature just before contact with the surface is low com­
pared with the gas and surface temperature in the chamber (these drop 
temperatures are presented in Appendix III); particular care was taken in 
the design of the injector (described in chapter 2) to achieve this. When 
the drop contacts the surface, the surface tension force between liquid 
molecules attempts to contract the drop to a shape having a minimum surface 
area, a sphere, whereas that between the liquid and the surface, in conjunction 
with gravitational forces, attempts to expand the drop boundaiy; viscous 
forces damp all motion.
3.5*3 VARIATION CF THE FACTORS WITH TEMPERATURE AND PRESSURE.
It is clear that the spread of the liquid film will generally increase, with 
increased temperature and pressure, because the surface tension forces decrease 
to zero at the critical point and the viscosity of the liquid decreases to a 
finite value at the critical point. The situation where the spread of the 
liquid film would thought to be very large, i.e., when the liquid temperature 
is very near the critical temperature, is not possible for two reasons. First, 
if the liquid temperature were very near to the critical temperature the 
evaporation rate would be very high (the evaporation lifetime would be short); 
but high evaporation rates cause a large temperature gradient in the liquid 
film at the evaporating surface. Hence, the liquid surface { phase 
boundary ) temperature is much lower than the average liquid temperature in 
the film. Consequently, a molecular liquid surface tension force always 
exists during the evaporation process; even if the surface temperature is 
above the critical temperature and the gas pressure is above the critical 
pressure it exists. (The evaporation of a drop on a surface in conditions 
of temperature and pressure above the critical point of the liquid was 
discussed in section 3 * 5 * 1 in conjunction with Fig.3~4(e).) Second, 
because the evaporation process of a liquid film in conditions of temperature 
and pressure near to the critical point of the liquid is an accelerating one,
61
probably since the film completely evaporates while the liquid temperature 
is still rising, the spread is arrested earlier than at lower surface 
temperatures (but at the same high pressures) where there is a delay before 
a steadier and slower evaporation rate commences. The spread of a liquid 
film at high pressure has been shown in Fig.3-4(c) and (d)j the spread at 
the higher temperature, Fig.5-4(d). is either the same or less than at the 
lower temperature, Fig.3-4(c).
3.5.4. EXPERIMENTAL VARIATION OF THE LIQUID FILM SPREAD WITH TEMPERATURE AND 
PRESSURE.
The photographic record of the evaporation of n-Heptane and n-Hexadecane drops 
in true contact evaporation was examined, the same record from which the 
pictorial representations of Fig.3-4 were drawn.
The magnitude of spread of the liquid film on the surface is strongly dependant 
on pressure and weakly dependant on temperature; e.g., comparing Figs-3-J|.(.3)and
3—4(c), the increase in the spread of the film with pressure (and temperature) 
is great, whereas comparing Fig.3~4(a) and Fig.3-4(b), the increase in the 
spread of the film with temperature only is small. These film shapes are in 
accordance with the logical behaviour of a liquid film on a surface with 
increased temperature and pressure. A different behaviour of the liquid film 
occurs at high pressures. Comparing Fig.3-4(c) and Fig.3-4(d), the effect 
of an increase in temperature is to cause either no change or a decrease in 
the magnitude of spread. The cause of this phenomenon has been considered
in section 3*5*3 above. Because of this weak but complex dependance on
temperature, only a comprehensive photographic study of the liquid film 
spread with temperature and pressure would yield a true analysis.
In the present work, the photographic record was inadequate for a detailed 
analysis of the effect of temperature and pressure on the magnitude of the 
liquid film spread. From the available record, the following approximate 
analysis is now given for n-Heptane and n-Hexadecane films
1. At any given pressure, the variation of the liquid film spread with the 
surface temperature is small. Defining the ‘maximum spread1 of a
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liquid film on a surface as a maximum averaged from observations
of the spread at several surface temperatures, but at a given pressure
then,
2. The maximum spread of the film at the critical pressure is times 
the maximum spread at atmospheric pressure.
3. The maximum spread of the film at pressures intermediate to atmospheric
and the critical pressure is a linear function of pressure.
4. The maximum spread of the film at pressuresabove the critical pressure
is the same as at the critical pressure.
5* At any given pressure, the decrease of liquid density with an increase 
of temperature causes an increase in the film thickness, the maximum 
spread being assumed constant.
The initial masses of the n-Heptane and n-Hexadecane drops used in this work 
were 2*8 and 2*9 irrespectively.The maximum spread of the liquid film, for 
both liquids, was 025 int. at atmospheric pressure and 0*625 in* at the 
critical pressure. No photographic record was made of a-methylnaphthalene 
drops on the surface.
3*5*5* EFFECT OF DROP MOMENTUM ON THE MAGNITUDE OF SPREAD 
An effect which is very important concerning the magnitude of spread, 
especially when the spread is small as then the pressure is low, is the 
momentum of the falling drop just before contacting the surface. An 
increase of momentum significantly reduces the evaporation lifetime by 
inducing a greater magnitude of spread and, hence* causes a larger liquid 
surface area to be presented for heat and mass transfer. This effect was 
observed during some preliminary tests on a hot surface exposed to the 
atmosphere. As a result of these observations, care was taken in all 
subsequent tests to make the height of the injector above the surface constant 
at 1*85 in., thus eliminating this factor.
The above discussion is applicable to the evaporation of n-Hexadecane and 
a-methylnaphthalene drops. The evaporation lifetime curves are shown in 
Figs. 3-2 and 3-3, respectively.
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3.6 EFFECT OF PRESSURE ON THE DROP SHAPES IN THE M M  EVAPORATION RATE
RANGES
5.6.1. DESCRIPTION OF DROP SHAPES
In section 3*4.(iii), the drop shapes in the range Td-eT,Fig,3-1» were 
described for n-Heptane drops at atmospheric pressure.
From high speed photographic records it was observed that the effect of 
pressure on evaporation in these ranges is to alter the process from one in 
which, at low pressures, rapid evaporation commences almost immediately after 
the drop contacts the surface to one in which, at high pressures, there is 
a significant time lag before evaporation commences followed by an almost 
immediate disappearance of the liquid. In addition, as the pressure is 
raised from atmospheric, the ill-defined sphere or part-sphere, described at 
te1, Fig.3-1> is replaced by a well-defined part-sphere whose liquid contact 
with the surface is almost continual during evaporation. The temperature 
range #d-ef, described as being about 10-15 deg. C at atmospheric pressure, 
widens with increased pressure. The narrow temperature range 1e-f’, 
described in section 3-4(iii), is absent at high pressures. Both ranges are 
shown in Fig.3-1 at elevated pressures, but below the critical pressure.
3*6.2. FACTORS RESPONSIBLE FOR THE DROP SHAPES
It is easily deduced that the reason for the changes occurring in the drop 
shape in this range with increased pressure is due to the increase of 
saturated liquid enthalpy (causing an increase in heating up time) and the 
decrease of enthalpy of evaporation (causing a decrease in evaporation time) 
with an increase of pressure.
The modeof evaporation in these ranges at high pressures, but below the 
critical pressure, and the mode of evaporation in conditions of temperature 
and pressure above the critical point of the liquid are very similar. 
Evaporation of a drop in the latter conditions was described in section 3*5.1•> 
in conjunction with Fig*3-4(e).
The above discussion is applicable to the evaporation of n-Hexadecane and 
a-methylnaphthalene drops. The evaporation lifetime curves are shown in 
Figs.3-2 and Fig.3-3> respectively.
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33* EFFECT OF PRESSURE ON THE DROP SHAPE IN SPHEROIDAL EVAPORATION,
-V7.1. DESCRIPTION OF DROP SHAPE
In section 3*4(v), the drop shape in the range 'g^-j1, Fig.3-1, was described 
for n-Heptane drops at atmospheric pressure. It is important to note that 
the description of the drop shape in spheroidal evaporation is based on 
observation of the evaporation of small drops on a surface, whose initial 
masses are given in Figs.3-1,3-2 and 3-3; the initial spherical diameters 
range from approximately 0*08 to 0*10 in. Drops of very much greater masses 
(not used in the present work) were observed to adopt the shape of a flat 
spheroid.
The effect of an increase of pressure on the drop shape in spheroidal evapor­
ation, once established, is negligible until the pressure reaches a reduced 
pressure, p/pc, of approximately one half. Further increases of pressure 
cause a progressive, but slight, flattening of the truncated spherical drop 
with slight increases in the vapour seat diameter.
3.7.2. THE ESTABLISHMENT OF SPHEROIDAL EVAPORATION
The two important surface tension forces present when a liquid drop is in 
contact with a surface have already been described in,.section 3*5.2. To 
establish spheroidal evaporation it is necessary for one surface tension 
force to be dominant, namely that between liquid molecules. The force 
which severs the surface tension force between the liquid and the surface is 
that due to the vapour pressure at the liquid/surf ace interface.
It was observed from the high speed film record that the momentum of the falling 
drop caused the liquidrto flatten against the surface in the same manner as 
in true contact evaporation. Almost immediately (within 10 ms) the drop 
collected itself into the shape of a truncated sphere with its flat bottom 
still in contact with the surface over a small area; The liquid drop then 
heated up until the vapour pressure was sufficient to lift the drop and 
overcome what remaining surface tension force there was between the liquid 
and the surface at the small contact area. It was at this last stage that a 
difference was observed between the establishment of spheroidal evaporation 
at low and high pressures.
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At low pressures, near atmospheric, the drop lifted off the surface almost 
instantaneously after collection into a sphere and remained permanently 
supported on its vapour seat. At high pressures (and in the case of 
spheroidal evaporation this is always below the critical pressure), after 
collection into a sphere thedrop lifted off the surface after a slight delay 
(of the order of 20 ms) but fell back on to the surface very soon after this; 
this process was repeated several times until spheroidal evaporation was 
established.
5.7*3- FACTORS RESPONSIBLE FOR THE DELAY IN THE ESTABLISHENT OF SPHEROIDAL 
EVAPORATION.
It was deduced that the reason that pressure has this delaying action on the 
establishment of spheroidal evaporation is because of the greater convection 
currents present within the liquid at high pressures. Curves showing the 
variation of saturated liquid density with temperature may be obtained from 
a data handbook (34). These curves show that the density change with 
temperature is small if the temperature is far removed from the critical 
temperature. Conversely, as the saturated liquid temperature approaches 
the critical temperature, the density change with temperature is large. The 
establishment of spheroidal evaporation of a drop of a liquid having a 
comparatively low saturated liquid temperature at atmospheric pressure is 
now considered; the considered liquid is n-Heptane.
When a n-Heptane drop contacted a hot surface and collected itself up into 
a sphere, it was observed that *lift-offf was almost instantaneous at 
atmospheric pressure . If it is assumed for the moment that the temperature 
of the liquid at the interface between the liquid and the surface just 
before !lift-off‘ is the saturated liquid temperature, then the density of 
the liquid at the interface,at atmospheric pressure* is only very slightly 
less than the rest of the much cooler liquid in the drop. Consequently, a 
high temperature gradient exists in the liquid and* once the drop lifts off 
the surface, the vapour flow is permanently maintained. At higher pressures, 
the density of the liquid at the interface just before * lift-off1 is much 
less than that of the rest of the liquid. For an instant, and after a 
greater delay than at atmospheric pressure, the vapour pressure is
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sufficient to lift the drop. On leaving the surface the comparatively high 
rate of heat transfer from the surface is reduced and convection currents 
within the drop quickly restore a near-equilibrium liquid temperature; the 
drop then falls back on to the surface for the process to be repeated.
The establishment of spheroidal evaporation of a drop of a liquid having a 
comparatively high saturated liquid temperature at atmospheric pressure is 
now considered; the liquid is n-Hexadecane. This liquid has a ratio of 
liquid enthalpy to enthalpy Of evaporation, at atmospheric pressure, almost 
inverse to that of n-Heptane. All the phenomena ascribed to the establish­
ment of spheroidal evaporation of a n-Heptane drop were observed. In addition, 
and because of the very high liquid enthalpy, there was a very slight delay 
before 1lift-offf even at atmospheric pressure, though the drop did not fall 
back onto the surface at this pressure. Plate IV(b) shows the effect that 
strong internal convection currents have on the shape of a n-Hexadecane drop 
during the very early stages of the establishment of spheroidal evaporation 
under pressure.
It is necessary to point out that the vapour pressure in the vapour seat must 
be very slightly above the ambient gas pressure by the additional pressure 
required to support the drop. Consequently, the temperature of the liquid 
adjacent to the seat is actually slightly above the saturation temperature 
corresponding to the ambient gas pressure.
3*8. THEORETICAL CONSIDERATION OF TRUE CONTACT EVAPORATION BELOW THE 
CRITICAL TEMPERATURE.
3*8.1, GENERAL CONSIDERATIONS AMD SIMPLIFYING- ASSUMPTIONS 
A rigorous theoretical analysis of the evaporation of a liquid drop on a hot 
surface, in true contact evaporation* would include ah analysis of the follow­
ing time and temperature dependent factors
1) Heating up of the liquid, aftei* the drop contacted the surface, 
coupled with a simultaneous spreading of the liquid film.
2) Varying properties of the liquid, associated with the heating up of 
the liquid. The rate of change of these properties with liquid 
temperature becomes pronounced as the critical point is approached.
3) Unsteady mass transfer from the liquid film coupled with either 
contraction or further spreading of the liquid film as evaporation 
progresses.
4) Unsteady surface temperature under the liquid film and, consequently, 
unsteady heat transfer from the surface to the liquid film.
67
5) Unsteady heat transfer from the surrounding gas to the liquid film.
A rigorous treatment of the problem must be difficult and the solution here 
adopted is to eliminate as many of the transient variables as possible in 
order to reduce the evaporation process to one of pseudo-steady state 
evaporation.
Accordingly, on the drop contacting the surface, the following events are 
assumed to occur instantaneously
(a) The liquid spreads to a diameter, d, the film thickness, x0, being 
constant over the area of the liquid film.
(b) The liquid heats up to the necessary temperature for a subsequent constant 
rate of mass transfer from the liquid film.
(c) The vapour concentration gradient in the complementary gas (nitrogen) is 
established above the liquid film surface for a subsequent constant rate 
of mass transfer from the liquid film.
Subsequently, during evaporation of the liquid film, the following conditions 
are imposed
(d) The liquid film evaporates with a constant diameter, d.
(e) The mass transfer rate is diffusion controlled and constant. It follows 
that the liquid film surface temperature, Tf, must be constant with time.
(f) As the liquid film thickness is very small, heat transfer to the liquid 
film surface is by steady conduction only from the surface, through the 
liquid. Heat transfer from the surrounding gas is neglected.
Hass transfer from the liquid film surface and heat transfer to the liquid 
film surface are considered separately in what follows in sections 3*8.2., and
3.8.3., respectively.
3.8.2. MASS TRANSFER FROM THE LIQUID FILM SURFACE.
3.8.2.1. METHOD OF APPROACH
Having made the simplifying assumptions given in section 3.8.1., a theoretical 
treatment of steady evaporative mass transfer from a liquid surface is still 
complex.
6 8
The vapour streams during evaporation of n-Heptane and n-Hexadecane drops in 
true contact evaporation were observed in the chamber. Under pressure the 
vapour is denser and is clearly visible without resort to special techniques. 
What was observed is as follows
(i) When a drop contacts the surface and spreads, a dense vapour boundary 
layer is rapidly established adjacent to the liquid.
(ii) Immediately above the dense vapour boundary layer, vapour transportat­
ion away from the layer is mildly turbulent.
(iii) The thickness of the dense vapour boundary layer is inversely related 
to the evaporation lifetime, i.e., the thickness is related to the 
rate of evaporation.
(iv) The thickness of the dense vapour boundary layer is of the order of 
1/16 in. (estimated from the film record and from visual observation).
A photograph of evaporation from a pool of liquid, consisting of several 
drops, at high pressure is shown in Plate IV(d). Very unfavourable 
illumination of a difficult subject prevented a better defined pool and 
vapour boundary layer. Nevertheless, the boundary layer adjacent to the 
liquid is visible on the photograph.
The conclusions that were arrived at from these observations are as followsj-
1 • An infinite stagnant medium is not possible in the presence of a 
perturbing evaporative flow of any significant magnitude.
2. A change in the type of vapour flow occurs at the face- of the boundary 
layer opposite to the phase boundary, i.e., from laminar to turbulent 
flow.
3* The vapour boundary layer controls the mass transfer.
Hence,
• <4. Stefan*s law is applicable to the vapour flow across the boundary layer.
Stefan*s law, integrated between the limits y =0 and y = 6 for the rate of 
diffusive and convective mass transfer across a stagnant layer of thickness 6,
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adjacent to the phase boundary and containing a gaseous mixture of the 
diffusing and complementary substances, is given by (35)»
m 11m T  A  l°ge   (3-1)8 EVT >-p-pV3
where mn is the mass of the diffusing vapour crossing a plane normal to the 
flow per unit area and time; D is the molecular diffusion coefficient; p is 
the total absolute pressure; pyS and pv§ are the partial pressures of the 
diffusing vapour at the phase boundary and at the face of the layer opposite 
to the phase boundary, respectively; Rv is the gas constant of the vapour;
T is the temperature of the gaseous mixture in the layer.
Equation (3—1) can be applied to the vapour boundary layer, considered here, 
only if
(a) the boundary layer thickness, 6, can be related to the rate of 
diffusive and convective mass transfer across the boundary layer;
(b) the partial .peas sure of the diffusing vapour can be estimated at the 
face of the boundary layer opposite to the phase boundary; and
(c) it is assufflsd that the vapour/nitrogen mixture in the boundary 
layer behaves as an isothermal gaseous mixture.
Consideration is now given to effect a satisfactory solution or compromise 
concerning each of the above three factors.
3.8.2.2. THE) VAPOUR BOUNDARY LAYER THICKNESS. 6.
The thickness of the boundary layer, 6, is indeterminate from a direct 
consideration of Stefan’s law; thus, this law cannot predict the position 
of a discontinuity in the coxicentration gradient which is the transition 
from laminar to turbulent flow. However, certain important facts 
concerning the dynamics of a diffusion process in the presence of a continuous 
concentration gradient are relevant and must be realised. Appendix VI is 
wholly devoted towards an investigation of the diffusive velocity and acceler­
ation of a diffusing substance in the presence of a continuous concentration 
gradient according to the fundamental laws of diffusion; these are Pick’s 
and Stefan’s laws. Appendix VI must be read in full in order to appreciate
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the justification for assuming that the following factors determine the 
thickness of the vapour boundary layer; hence, no part of its content is 
discussed here.
The suggestion made here is that a transition from laminar to turbulent flow
occurs in the vapour flow from the phase boundary when a critical diffusive
velocity is attained by the diffusing vapour, (refer to section VI. 3 (ii)
Appendix VI, for details). However, the mechanism which determines the
height above the phase boundary at which the transition takes place,
remembering now that the boundary layer is self-propagated by the evaporation
process, is obviously complex. Consequently, in pursuance of a solution,
the assumption is now made that thickness of the boundary layer is inversely
related to the diffusive acceleration of the vapour in the presence of a
continuous concentration gradient. ( A simple equation of motion gives the
clue; briefly and using general symbols, if v is the critical diffusive
velocity at y = 6, u is the diffusive velocity at the phase boundary, a is
2 2
the diffusive acceleration and s = 6, 6 = . Of course,this analysis
must be regarded as figurative.) Thus,
b — f  - i .I.,...-.—..     j .................... (3-2)
diffusive acceleration
In Appendix VI, an equation is derived for the diffusive acceleration of the 
diffusing substance, termed component j there, in Stefan flow; the equation 
is (VI-19). Considering this equation together with the deductions given by
(i)and(ii) Of section VI.3 of Appendix VI, regarding Stefan flow, the 
hypothesis is now postulated that equation (3-2) reads,
6 = C1............ ........ ............. .... . (3-3)
B2
where vjG is the constant convective velocity of component j, which is the 
vapour here; D is the molecular diffusion coefficient; C-j is some constant.
At the phase boundary,
m” = PVQ vs..... .................................... . (3-4)
where m*! is the constant mass transfer of the vapour across the boundary
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layer per unit area and time; p vs is the partial density of the vapour at the
phase boundary; vs is velocity of the vapour at the phase boundary, also a 
constant• Hence,
where C is some constant.
3.8.2.3. PARTIAL PRESSURE CF THE DIFFUSING VAPOUR AT v = 6
It will now he assumed that the partial density of the diffusing vapour at 
the face of the boundary layer opposite to the phase boundary, i*e., at y = 6, 
is zero as an approximation. Her.ce, the partial pressure of the vapour at 
y = 6 is assumed to be zero; Py6 = 0.
3.8.2.4. THE VAPOUR/NITROGEN MIXTURE IN THE BOUNDARY LAYER.
The vapour/nitrogen mixture in the boundary layer does not behave as an 
isothermal gaseous mixture; indeed, the deviation in behaviour between a 
vapour and an ideal gas under pressure,for example, can be large. It is 
clear then that at elevated pressures and temperatures, generally taken 
here to mean pressures and temperatures that approach the critical point with 
increases, neither are the fundamental laws of diffusion strictly applicable 
nor is kinetic theory capable of strictly predicting the variation of the 
molecular diffusion coefficient with temperature and pressure. Nevertheless, 
as equation (3-1) is to be used here, the following assumptions have to be
VS = °2 Tjc (3-5)
where C2 is some constant. Substituting equation (3-5) into equation 
(3-3) for vi0, the hypothesis then reads,
(3-6)
made:-
(i) the vapour/nitrogen mixture in the boundary layer behaves as a 
perfect gas.
(ii) the temperature of the vapour/nitrogen mixture in the boundary layer 
is constant and equal to the temperature of the liquid film surface, 
Tp; this is the phase boundary temperature and is the saturation 
temperature corresponding to the partial vapour pressure, PyS, at 
liquid surface.
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3.8*2.5* EQUATIONS OF MSS TRANSFER
When equation (>-6) is substituted into equation (3-1) and when pv§ = 0 (as 
assumed in section 3*8.2.3), equation (3-1) is shown to read in Appendix IV 
as ,
Pvs P""Pvs
(3-7)
where a is a constant. In addition, the equation giving the boundary layer 
thickness is also derived in Appendix IV and is shown there to read,
per unit area and time, from a liquid surface at a temperature, Tf, into an
3.8.2.4.(ii)•) Equation (>-7) may be applied to the evaporation of a 
liquid film, of initial thickness xQt in conjunction with the theoretical 
model shown in Fig.IV-1, Appendix IV, to yield the evaporation lifetime of 
the film. The solution,given in Appendix IV, is,
where p is the liquid phase density.
3.8.3. HEAT TRANSFER TO THE LIQUID FILM SURFACE
3.8.3.1. METHOD OF APPROACH
The purpose of the theoretical work of this section is to establish the 
temperature difference between the liquid film surface temperature, Tf, and 
the heating surface temperature, Ts> during evaporation of the liquid film; 
only then can the theoretical evaporation lifetimes, given by equation (3-9)> 
be plotted and compared with the experimental evaporation lifetimes . The 
theoretical treatment is preceded by a discussion of the possible temperature 
behaviour of the surface when a drop contacts it.
(3-8)
Equation (3-7) is now a general expression giving the rate of mass transfer
infinite gaseous medium. (The temperature Tf has been defined in section
(3-9)
The transient temperature history of a hot surface when a cold liquid drop 
comes into contact with, it must be complex; far more so than when two solid
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bodies of different temperature come into contact with one another. It is 
suggested that when a liquid makes contact with a hot surface, the surface 
temperature under the liquid falls instantaneously to some lower value; 
subsequently, and depending on the rate of evaporation, the surface temperature 
will rise, if the evaporation rate is low, or it may fall further, if the 
evaporation rate is high. The effect of the subsequent rate of evaporation 
on the transient surface temperature is an&Lagous to a finite area heat sink 
being placed on the surface, of a strength inversely proportional to the 
evaporation lifetime of the drop. The influence of the thermal diffusivity 
of the material of the surface and the proportion of liquid enthalpy and 
enthalpy of vaporization of the drop must be considerable. In view of the 
complexity of the situation and the absence of experimental data?the relevant 
simplifying assumptions listed in section 3*8.1 had to be made. The 
assumption that heat transfer across the liquid film is by conduction only 
is valid when the average initial liquid film thickness,x0, is small (the 
thickness is less than 0*006 in for n-Heptane and n-Hexadecane liquid films).
3.8.3.2. EQUATIONS OF HEAT TRANSFER
Fig.IY-1, Appendix IV, shows the theoretical model used for determining the 
rate of conductive heat transfer to the liquid film surface. Ts is the 
uniform surface temperature recorded by the potentiometer before the drop 
falls on the surface; Tfg0 is the temperature of the liquid/surface inter­
face when the drop initially contacts the surface and instantaneously spreads 
to a diameter di The unknown temperature gradients in the surface are shown 
diagramatically in Fig.IV-1, Appendix IV, and are not used in the theoretical 
analysisi The instantaneous energy balance at the liquid film surface at
time t = 0 reads,
_ k  ( 3 f . . - . T . k i - )      ( > 1 ° )
where A h  =  hg -  h0 .. ....................... (3-11)
The rate of mass transfer, m* *; of equation (3—10) and of equation (3-7), 
section 3»8*2*5*, are the samei As the rate of mass transfer is assumed 
constant, the rate of heat transfer is also constant and, hence, the 
temperature gradient in the liquid film is constant during subsequent
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evaporation. If T" s is the interface surface temperature after some time, 
t, then as the liquid film evaporates, x—►0 and T Ts-«*-Tf. Hence,
Tf — T fso as Tf - T’s = constant .......................(3-12)
xo x
T ’qq can be evaluated from a simple expression derived by Hsu (36). However, 
it was considered doubtful 'whether there was justification for assuming that 
the surface temperature under the film falls from Ts to Tkot on initial 
contact of the drop with the surface, followed by a further fall in temperature 
from T*so to Tf, during the subsequent evaporation of the liquid film. When 
evaporation lifetimes are very short, this is probably true but, in this work, 
the range of evaporation lifetimes considered include lifetimes as long as 
14*0 s. Consequently, to avoid conjecture, the instantaneous temperature 
fall of the surface from Ts to Tg0 , has to be neglected until future 
experimental evidence of the temperature behaviour of a surface is available.
Equation (3-12) is, consequently, modified to read,
Tf •— Tg — Tf “ T s  constant .••••••••••••••••• (3—1 "3)
*o *
In Appendix IV it is shown that when t^ is the evaporation lifetime of the 
liquid film,
Is - Tf = p to . fo_ .....................  (3.14)
k t L
where Ah = h„ — Iiq (as equation (3—11) ); k is the thermal conductivity of 
the liquid; p is the liquid phase density4 Strictly h0 should be the 
liquid enthalpy per unit mass of the liquid film at the mean temperature 
Ts + Tf ♦ However, to compensate for the simplifying assumption made in
section 3*8»l(b) and to compensate for the decision to neglect the instant­
aneous temperature fall of the surface, from Ts to T'so, it is justified 
to assume now that hQ is the liquid enthalpy per unit mass at the temperature 
of the drop just before the drop contacts the surface. In this case, -E-ffiL
xC
is relatively insensitive to temperature and may be evaluated at the temper­
atures Ts or Tf.
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3.8.4. METHOD OF CALCULATING THE EVAPORATION LIFETIME OF A LIQUIDFILM ON A 
SURFACE
The equations derived in sections 3.8.2 and 3.8.3 above to predict the 
evaporation lifetime of a liquid film on a surface, at any given temperature 
and gas pressure corresponding to the true contact evaporation ranges below 
the critical temperature, are equations (3-9) and (3-14), viz.,
tL = a p *°...........     (3-9)
fVs D [ P log e P 1 V 3 
Pvs P-Pvs
and, Ts - Tf * p Ah # xp^    ••••••( 3-14)
No prediction of the evaporation lifetime can be made without first substitut­
ing values of a and xQ into the above two equations. This means that at 
least one experimental lifetime must be determined at a particular surface 
temperature, Ts, and pressure, p, for the liquid and drop size used and 
the maximum spread of the liquid film noted. Then a and x0 can be 
evaluated. (a specimen calculation is given in section IV.4., Appendix 
IV, to show how the values of a and Xp are evaluated from an experimental 
lifetime of a n-Heptane film and the observed spread of the liquid film, at 
atmospheric pressure). However, though a is a constant for a particular 
liquid, the spread of a liquid film on a surface is not constant but is 
strongly dependent on pressure and weakly dependent on temperature. Therefore, 
the prediction of evaporation lifetimes at other pressures and surface 
temperatures, to that at which at least one experimental lifetime is 
determined (as described above), necessitates a knowledge of the spread £f 
the liquid film with pressure and temperature.
In the present work, an approximate experimental analysis of the liquid film 
spread with pressure and temperature was made for n-Heptane and n-Hexadecane 
films; the results of this analysis are described in section 3*5«4. for the 
drops of the two liq’iids whose initial masses were 2*8 and 2*9 mg., 
respectively.
3.8.5. CALCULATION OF THE EVAPORATION LIFETIME OF A LIQUID FILM ON A SURFACE 
WITH VARIATION OF SURFACE TEMPERATURE AND GAS PRESSURE.
Using equations (3-9) and (3-14), together with the experimental analysis
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of the variation of the liquid film spread with temperature and pressure 
(described in section 3*5.4), the evaporation lifetimes of n-Heptane and 
n-Hexadecane films in true contact evaporation were calculated at the eight 
selected experimental pressures. The calculated lifetimes are presented 
in Fig.3-5, for n-Heptane, and in Fig.3-7, for n-Hexadecane, together with 
the experimental evaporation lifetime curves drawn from Figs.3-1 and 3-2, 
respectively, for comparison. The value of a used for each liquid in 
equation (3-9) above is 1/250 ft, the units of equation (3-9) being then 
pounds mass, feet and seconds.
For n-Heptane films only, the thickness of the boundary layer, 6, the mass 
transfer per unit area and time, mM, and the temperature difference between 
the surface and the liquid film surface, Ts - Tf t were calculated at four 
pressures and are plotted in Fig.3-6 against the liquid film surface 
temperature, Tf •
The above described comparison between calculated and experimental evaporation 
lifetimes, made in Figs 3-5 and 3-7, and the calculated results of Fig.3-6 
will be discussed in section 3*11*2.
3.9 METHOD OF ESTIMATING THE EVAPORATION LIFETIME OF DROPS IN THE MAXIMUM 
EVAPORATION RATE RMGES AND IN CONDITIONS OF TEMPERATURE AND PRESSURE 
ABOVE THE CRITICAL POINT OF A LIQUID.
As suggested in section 3*5*1, it is convenient to include evaporation in
conditions of temperature and pressure above the critical point of a liquid
(range ’m-n*, Fig. 3-1) with evaporation in the Maximum Evaporation Rate
Ranges (ranges *d-ef, Fig.3-0*
A rigorous theoretical analysis of evaporation in the Maximum Evaporation 
Rate Ranges and in conditions of temperature and pressure above the critical 
point of a liquid would be complex. But, because evaporation in these ranges 
could be so valuable in engineering applications, it would be useful to be 
able to estimate the evaporation lifetimes of drops in them. The work of 
this section commences by estimating the actual average heat flux to the 
liquid drop during the minimum experimental lifetimes obtained in these 
ranges and then compares these heat fluxes with values obtained by other
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investigators working under different experimental conditions#
The average heat flux qn , from the surface to the liquid during evaporation 
is given by,
* 11 4 r  \q — , , ..................................a........ \ 1 j  J
AtL
where Ah = hg - ho *...   *.........*....*.....   (3-16)
h0 is the liquid enthalpy per unit mass of the drop just before contacting 
the surface. A is the area of contact between the liquid and the surface: 
m is the initial mass of the drop; t^ is the evaporation lifetime.
Column (g) of Table I shows the calculated average heat flux during the 
actual evaporation of drops of three liquids at various pressures. The 
minimum evaporation lifetimes for drops of n-Heptane and n-Hexadecane were 
obtained from Figs. 3-1 and 3-2, respectively, and that for water drops, at 
atmospheric pressure only, from Fig.3-11; these lifetimes are shown in 
column (f) of Table I. The average area of contact, A, was determined 
from observations of the average diameter of the contact area during 
evaporation; because of the violence of the evaporation process and the 
complexity of the drop shape, only approximate magnitudes of the contact 
diameters could be noted from the observations, The magnitudes of the 
contact diameter shown in column (e) of Table I were observed at the minimum 
evaporation lifetimes in the Maximum Evaporation Rate Ranges; these particular 
magnitudes of the contact diameter were,sensibly independent of pressure. In 
conditions Qof temperature and pressure above the critical point of a liquid, 
the observed diameter of the contact area was similar to the diameter of the 
contact area given in column (e), for the respective liquid, in the Maximum 
Evaporation Rate Ranges.
The experiments that provide values of heat flux so similar to those shown 
in column (g) of Table X are those of Cichelli and Bonilla (37), on organic 
liquids, and of Addoms (38), on water. These tests were concerned with the 
effect of pressure on the peak heat flux during nucleate boiling of liquids 
on submerged polished plates or wires. Their results showed that a maximum 
peak heat flux occurred at a reduced pressure, P/pc, of approximately one third.
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It is these maximum peak values which can he applied to the present work.
From the experiments of Cichelli and Bonilla, the maximum peak flux reported
for n-Heptane is 21*2 x 10^ B.t.u/ft^h, unfortunately reported for this
liquid only on a slightly dirty surface, and from the experiments of Addoms,
& 2the maximum peak flux reported for water is 1*53 x 10 B.t*u/ft h; no 
experimental data is available for n-Hexadecane. A comparison between 
the above values of heat flux for n-Heptane and water and ihe calculated 
values of the average heat flux for drops of the respective liquids on a 
surface, given in column (g) of Table I, shows that a close similarity exists 
at atmospheric pressure. For n-Heptane drops, column (g) shows that the 
average heat flux decreases with increasing pressure but to a constant 
value, because the lifetimes are constant when conditions of temperature 
and pressure are above the critical point of the liquid; the average heat 
flux decreases to 75?° of its value at atmospheric pressure. For n-Hexadecane 
drops, a contradiction of the results for n-Heptane drops occurs.
It must again be pointed out that the magnitudes of the observed contact 
diameter of the drop with the surface, given in column (e) of Table I, are 
approximate. The values given at atmospheric pressure were checked by 
viewing the drop in plan during the subsidiary evaporation tests with the 
surface exposed to the atmosphere and are, consequently, reasonably accurate.
The values given at elevated pressures could not be so checked, being obtained 
only from observations of the drop on a surface in the chamber in elevation.
The 75$ decrease in average heat flux with pressure for n-Heptane drops, as 
shown in column (g) of Table I at atmospheric and 500 lbf/in gauge, could be 
due to an error (only 13$) in estimation of the contact. diameter when 
conditions of temperature and pressure are above the critical point of the
liquid; the actual contact diameter could have been 0*173 in, and not 0*2 in.,
as shown in column (e), the average heat flux then being constant with pressure. 
Consequently, it is unjustifiable to attach too much significance, in the
present work, to the change in the average heat flux obtained for the liquids
n-Heptane and n-Hexadecane, as shown in column (g) of Table I,
If it is assumed now that the average heat flux to the drop is independent
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of pressure, then the evaporation lifetime of a drop on a surface can be 
estimated from the equation,
t = <a_Ah ...................................  (:
L 4" A
where qnm is the maximum peak heat flux, obtained from the experiments of 
Cichelli and Bonilla or Addoms.
3.10 THEORETICAL CONSIDERATION OF SPHEROIDAL EVAPORATION.
5,10.1. GENERAL CONSIDERATIONS AND SIMPLIFYING ASSUMPTIONS.
Spheroidal evaporation is treated theoretically in the present work by making 
the following assumptions :-
(i) Drop * lift-off1 is instantaneous on the drop making initial contact 
with the surface. The drop is then supported on its vapour seat 
until all the liquid has evaporated.
(ii) Heat transfer to the liquid drop is by conduction from the heating
surface to the liquid across the pure vapour seat. Heat transfer 
from the surrounding gas is neglected.
(iii) Vapour mass transfer from the liquid drop is from the phase
boundary adjacent to the vapour seat. Mass transfer from the
surface of other parts of the drop is neglected.
(iv) Radiant heat transfer is neglected.
The theoretical model of a drop in spheroidal evaporation is shown in Fig. 
V-l(a), Appendix V. Photographic evidence shows that this model is valid 
until at least 90fi of the mass of the liquid in the drop has been evaporated.
After this, a more spherical shape is gradually adopted.
The problem of estimating the temperature gradient in the vapour seat, where
there exists a two-dimensional flow of vapour from the phase boundary to the
periphery of the seat, is overcome by the substitution of a hypothetical 
uni-dimensional flow model, shown in Fig.V-l(b), Appendix V. The actual 
mass flux normal to the phase boundary is d ,! at the phase boundary and zero 
at the surface;a weighted average, constant, mass flux of 2/3 mn is assumed
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for this model. This model,Fig.V-l(b), is discarded for analysis 
subsuquent to the establishment of the temperature gradient; only radial 
vapour flow in the seat is then considered, in conjunction with the model 
shown in Fig.V-l(a).
3.10.2 DERIVED EQUATIONS FOR SPHEROIDAL EVAPORATION.
The theoretical treatment is described in Appendix V. The solution 
obtained for the change of the drop diameter with time is,
d5 A  s d xt ..........     (3-18)
o
where dQ is the initial diameter of the truncated spherical drop on the , 
surface; d is the diameter of the truncated spherical drop after time t;
X is the evaporation constant. The evaporation constant,\, is given by
100 K  n rn 2 CPV
;pvl = [ l i  S n  loB® I1 * ) !  (Ts-Tv)] 1 (3 p -  ) ...(3-19)
where Ah = hg - h0  ...... (3-20)
and h0 is the initial liquid enthalpy per unit mass obtained from the
chart shown in Fig.V-2,Appendix V (hydrocarbon liquids only). In addition
Ts is the surface temperature; Tv is the saturation temperature; p is the
liquid density corresponding to the temperature at which the liquid
enthalpy is hQ; pv ,kv and Cr,v are the vapour density, thermal conduct-
Ts+Ty
ivity and specific heat at the mean temperature — — . The evaporation 
lifetime of the drop is given by equation (3-18) when d = 0, viz.,
d05 4
= - T -   ( 3 ’ 2 1 )
3*10.3. CALCULATION OF EVAPORATION LIFETIMES OF DROPS IN SPHEROIDAL
EVAPORATION.
Equation (3-21) was used to calculate the evaporation lifetimes of drops 
of n-Heptane at the five selected experimental pressures which are less 
than the critical pressure for this liquid. These calculated lifetime 
curves are presented in Fig.3-8(a), together with the experimental 
evaporation lifetime curves drawn from Fig.3-1 for comparison. In addition 
equation (3-21) was used to calculate the evaporation lifetimes of 
drops of n-Hexadecane and water at atmospheric pressure only.
These calculated lifetime curves are presented
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in Figs. 3-10 and 3-11t respectively, together with the experimental evaporat­
ion lifetime curves; the latter are drawn from Fig.3-2 and 3-9 (subsidiary
tests) for n-Hexadecane, and shown also on Fig.3-11 for water* Fig.3-10
also shows an experimental evaporation lifetime curve for n-Heptane, drawn
from Fig.3-9 (subsidiary tests), together with the calculated atmospheric
pressure lifetime curve for the liquid* A specimen calculation of an
evaporation lifetime of a drop in spheroidal evaporation is given in section
V.5» Appendix V.
3.11 DISCUSSION OF RESULTS
3*11*1 GENERAL OBSERVATIONS REGARDING THE EXPERIMEINTiiL WORK.
The main evaporation tests, carried out in the chamber, suffered from the 
following unavoidable faults or inconsistenciesJ-
1. The drop temperatures,just before contact with the surface, were variable 
with the gas temperature and pressure in the chamber. These drop temperatures 
are presented in Appendix III* The effect of pressure, especially, on the 
cool pocket on the end of the injector, where the drop formed, was to cause a 
reduction in its effectiveness.
2. The drop masses, quoted in Figs. 3-1 > 3-2 and 3-3> were obtained with ihe 
top cover of the chamber, and injector assembly, withdrawn from the furnace.
Ten drops were injected into a small, deep bucket and weighed on a torsion 
balance. Because of 1, above, there was no guarantee that the drop mass was 
the same when the drops were injected into the chamber or that they were 
consistent in mass through the range of temperatures and pressures used.
3* The drop liquid oic vapour decomposed, or Tcracked\  during the evaporation 
process in nitrogen.
4. The surface was slightly concave and possibly prevented the spread of 
the liquid film during true contact evaporation.
The effect of these four factors on the evaporation process and on the 
evaporation lifetimes of drops is discussed as follows s -
1(a) Preheating the drop increases the initial liquid enthalpy of the drop
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and so reduces the enthalpy required to evaporate the drop after it contacts 
the surface; clearly, preheating the drop causes a reduction in the evapor­
ation lifetime of the drop. The magnitude of the reduction is of interest 
here. The curves showing the drop temperatures just "before contact with the 
surface, in Figs.III-1 and III-2 of Appendix III, show that the preheating of 
the drop is greatest in the spheroidal evaporation ranges and in conditions 
of temperature and pressure above the critical point of the liquid. Considering 
the spheroidal evaporation ranges, it is most unlikely that the degree of 
preheating imparted to the drops had any significant effect on the evaporation 
lifetime of the drops. Observation of the establishment of spheroidal 
evaporation, discussed in sections 3«7,2 and 3*7*3> indicated that a delay in 
drop tlift-off1 occurred after the drop contacted the surface and collected 
itself into a sphere, especially long at elevated pressures at which drop 
preheating is greatest. During this delay in *lift-cff1, a period of time 
which is of the order of 10-20 ms (from the film record) but negligible compared 
with the evaporation lifetime of the drop, additional heat is supplied to the 
liquid drop in contact with the surface. The theoretical work on spheroidal 
evaporation necessitated an estimation of the liquid enthalpy per unit mass 
of the drop, hQ, at 1lift-off*. In all cases, the estimated liquid enthalpy 
was much greater than that which would have been obtained from a consideration 
of the drop temperatures just before contact with the surface. In conditions 
of temperature and pressure above the critical point of a liquid, preheating a 
drop cannot have a negligible effect on the evaporation lifetime; similarly, 
preheating a drop when conditions of temperature and pressure correspond to 
the other contact modes of evaporation cannot have a negligible effect on the 
evaporation lifetime, though the degree of preheating is less in these latter 
modes of evaporation. However# it is considered that as the preheating of 
the drops was always to a temperature well below the surface temperature and 
well below the saturation or the critical temperature, the effect of the 
preheating on the evaporation lifetimes was always small«
2(a) The effect of 1, above# probably did have an effect on the evaporation 
lifetime by causing a reduction in drop size* The preheating reduces the 
surface tension of the liquid when the drop is forming on the injector tubing
84
and, consequently, reduces the weight of liquid necessary to overcome this 
tension, (The drop temperatures shown in Figs.III-1 and III-2 are those just 
before the drops contact the surface. As the rise in temperature of ihe 
drops during their fall through the chamber is generally small, these given 
temperatures are only slightly greater than the temperatures of the drops 
on release from the injector.) Since the greatest preheating occurs at high 
temperatures and pressures, it is the drop masses in the spheroidal evaporation 
range and in conditions of temperature and pressure above the critical point 
that are most likely to be affected. It is necessary to point out though 
that any diminution of drop size so caused was not so large that it could 
be observed from the photographic records.
3(a) The decomposition or ’cracking’ of the liquid or vapour can consider­
ably reduce evaporation lifetimes when the drop is in spheroidal evaporation; 
it results in the formation of free carbon and hydrogen in the vapour seat.
As both these elements have a much greater thermal conductivity than the 
vapour, the heat transfer from the surface to the liquid drop is increased 
when cracking occurs. If cracking is severe, carbon is deposited both under 
and at the periphery of the drop; the former can ’short-circuit1 the thermal 
resistance of the vapour by bridging the seat in parts (as occurred with 
n-Hexadecane drops at high surface temperatures) while the latter restricts 
lateral movement of the drop. The formation of the carbon deposits could 
be clearly seen when the surface was examined in the chamber with "the aid 
of a telescope after the complete evaporation of a drop; the effect of the 
deposits on spheroidal evaporation could be observed with the aid of a 
telescope during evaporation of the drop.
It is necessary now to distinguish between the two iypes of carbon deposits 
that were present on the surface. The first type was light and fluffy and 
was present on jrtie surface due to cracking of a drop during its evaporation, 
as described above; these deposits were washed to the periphery of ihe liquid 
when the succeeding drop flattened against the surface, due to its momentum, 
prior to collection into a sphere and ’lift-off’ and had no effect on the 
subsequent spheroidal evaporation of this drop, which itself was now producing
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its own deposits adjacent to the drop. The second type of deposit was
hard and adhered strongly to the surface and accumulated over a period of 
many successive drop evaporations on the same spot on the surface; these 
deposits were troublesome and necessitated frequent changes of the surface*
The hovercraft principle of a drop in spheroidal evaporation enables it to 
surmount deposits of only very limited height. Consequently, these hard 
deposits were generally still very light when they began to restrict the 
movement of the drop end, hence, to reduce its evaporation lifetime by as 
much as half.
The tests carried out on a surface exposed to the atmosphere (subsidiary 
tests) are much more consistent in the spheroidal evaporation range. If any 
carbon is deposited on the surface during evaporation of a drop, it is burnt 
off by the time the next drop falls on the surface. The results of these 
tests will be discussed in section 3»11.4.
In the contact modes of evaporation, light carbon deposits, whether they be 
fluffy or hard, do not have any significant effect on the evaporation 
lifetimes•
4(a) The effect of the concavity of the surface on the evaporation lifetime 
is negligible in spheroidal evaporation and probably small in any of the 
contact modes of evaporation.
3*11.2 COMPARISON BETWEEN EXPERIMENTAL AND CALCULATED EVAPORATION LIFE­
TIMES II TRUE CONTACT EVAPORATION BE,LOW THE CRITICAL TEMPERATURE.
A comparison between experimental and calculated evaporation lifetimes in 
this mode of evaporation is made for three liquids; n-Heptane and n-Hexadecane 
through the complete range of temperature and pressure of Figs.3-1 and 3-2, 
respectively, and water at atmospheric pressure only. The almost complete 
absence of physical and thermodynamic data for a-methylnaphthalene prevented 
a comparison being made for this liquid. For n-Hexadecane, the comparison 
was made possible by extrapolating some data for normal paraffin hydrocarbon 
liquids of lower molecular weight.
Fig.3-5 shows the experimental evaporation lifetime curves for n-Heptane films 
drawn from Fig.3-1 on an enlarged scale, with the calculated lifetime curves 
superimposed; Fig.3-7 is similarly for n-Hexadecane films, with the experimental 
lifetime curves drawn from Fig. 3^ 2. The calculated evaporation lifetimes are 
obtained by using equations (3-9) anct- (3-14) of sections 3*8«2.5»» and 3»8.3«2., 
derived in the present work, viz.,
tL « ■ ap Xo...........      (>9)
P D[ J L  logc p ]1/3
VS Pvs P-Pvs
and, Is - T. = £^2- • ............... ......... (3-14?
f k tL
For n-Heptane and n-Hexadecane, the value of a used in the computations is
1/250 ft, when the units of equations (3-9) and (3-14) are pounds mass, feet
and seconds.
In view of the transient nature of the actual process of evaporation of a liquid 
film on a surface, the accuracy attained with the theoretical prediction of 
lifetimes, as given in Figs. 3-5 and 3-7, is encouraging. For both liquids, 
the obtained theoretical prediction of evaporation lifetimes is acceptable in 
the pressure range from atmospheric to a reduced pressure, ^pc, of approxim­
ately one half. Thereafter, at higher pressures still, the deviation between 
calculated and experimental evaporation lifetimes becomes increasingly diverse.
The reasons for the deviations that generally exist between the calculated and 
experimental evaporation lifetimes, shown in Figs. 3-5 and 3-7, are summarised 
as follows
(i) Equation (3-9) above is the result of the mass transfer equation, derived 
in the present work and given by equation (3-7) of section 3*8.2.5, viz.,
m" =- p_2S__E [-E- loge-“  ]1/3   (3-7)
^ Pvs P"PVS
being applied to a liquid film on a surface in conjunction with the theoretical 
model shown in Fig.IV-1 of Appendix IV. Equation (3-7) is based on the funda­
mental laws of diffusion, i.e., Fickfs aid Stefan* s laws, and these laws are 
not strictly applicable when the diffusing substance is a vapour that does not
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obey the ideal gas laws.
(ii) Kinetic theory cannot accurately predict the variation of the molecular 
diffusion coefficient with temperature and pressure when one of the constituents 
of the binary mixture, i.e., the vapour, does not obey the ideal gas laws; 
indeed, even for an ideal binary gas mixture the prediction is not accurate .
(iii) Equation (>-9) above is accurate only when the enthalpy of evaporation 
of the liquid is high compared with the liquid enthalpy; then the heating up 
time of the liquid film is small and the vapour mass transfer, per unit area l 
and time, from the liquid is reasonably constant.
(iv) The experimental analysis of the magnitude of the spread of the liquid 
film on the surface with pressure given in section 3«5*4 for the liquids 
n-Heptane and n-Hexadecane, is approximate for the reasons given there. This 
analysis was used for calculating the evaporation lifetimes of these two 
liquids at various pressures. The neglect of the complex variation of the 
spread with temperature in this analysis will introduce errors into the 
calculated evaporation lifetimes.
(v) The theoretical analysis carried out to determine the temperature 
difference between the liquid film surface and the heating surface, leading 
to equation (3-14) above neglects the instantaneous temperature fall of the 
surface and rise of the liquid at the liquid/surface interface when the drop 
initially contacts the surface; the reason for neglecting this temperature 
behaviour of the surface is given in section 3*8. 3*2. The error introduced 
by this neglect will be reflected most in calculated evaporation lifetimes 
where the initial surface temperatures are much higher than the temperatures 
of the drop just before contact with the surface; it will necessarily follow 
that these will be lifetimes that are short.
In general, each of the five reasons given by (i) to (v) above for the 
deviation between the calculated and experimental evaporation lifetimes 
becomes increasingly influential on the magnitude of the deviation with 
increasing pressure and temperature, each in its own right. The comparison 
between the calculated and experimental evaporation lifetimes of n-Heptane and 
n-Hexadecane, shown in Figs. 3-5 and 3-7 respectively, indicates that the
8 8
magnitude of the deviations, hence the influence of (i) to (v) above, is small 
at reduced pressures below approximately one half; at reduced pressures above 
approximately one half, the magnitude of the deviations increases with 
increasing pressure and temperatures.
When the experimental evaporation lifetime curves of Pigs.3-1 and 3-2 are 
examined, it is observed that the effect of an increase of pressure, at any 
given surface temperature, on the evaporation lifetimes when the pressures 
are below the critical pressure is comparatively large; in contrast, it is 
observed that when the pressures are above the critical pressure, and 
considering low surface temperatures now (hence not close to the critical 
temperature), the evaporation lifetimes at any given surface temperature are 
then only weakly dependent on pressure.
It is considered now that the factor that is primarily responsible for the 
poor agreement between experimental and calculated evaporation lifetimes at 
pressures above the critical and, indeed, all reduced pressures above one 
half, is (ii) above. To discuss this, two specific experimental evaporation 
lifetime curves are considered; the curves are the evaporation lifetime 
curves for n-Hexadecane, as shown in Pig. >-2, for the pressures of 250 and 
1000 lbf/in gauge. Considering these two curves at a low surface
temperature, 300°C for example, the experimental evaporation lifetimes are
2 2 6*8 s at 250 lbf/in gauge and 8*2 s at 1000 lbf/in gauge. Now, according
to the present theoretical work, the similar evaporation lifetimes at these
two pressures will be obtained only if 5-
(a) The liquid film spread at the higher pressure is nearly twice 
greater than the spread at the lower pressure.
(b) The vapour boundary layer thickness, 8, at the higher pressure 
is nearly one quarter of the thickness at the lower pressure.
(c) The molecular diffusion coefficient is a weak function of pressure 
at these high pressures.
(d) The heat transfer from the surrounding gas at the higher pressure is 
manyfold greater than the heat transfer from the surrounding gas at the 
lower pressure. (The heat transfer is neglected in the present theoretical
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work because it is considered to be small compared with the heat transfer 
from the heating surface).
(a) and (b) above can be discounted because they are contrary to observations 
made during evaporation of liquid films at these pressures; (d) above is 
unrealistic and can be discounted, though it is accepted that there is an 
increase in heat transfer from the surrounding gas with increasing pressure.
There remains (c) above.
Kinetic theory predicts the following relationship between the molecular 
diffusion coefficient and temperature and pressure for two ideal gases (48)
(49)(50), n
D = D0 S° ( |-)     (3-22)
P o
where is the molecular diffusion coefficient at a datum pressure and 
temperature, pQ and Tq; D is the molecular diffusion coefficient at the 
pressure and temperature, p and T; n is an integer between 1*5 and 2*0, the 
value being specific to the two gases.
Applying equation (3-22) to the above example for discussion, the prediction 
is that the molecular diffusion coefficient at 1000 lbf/in gauge is approxim- 
ately one quarter of that at 250 lbf/in gauge., Because of the very weak 
dependence on pressure of the other factors and properties in equations (3-9) 
and (3-14) above (at pressures above the critical), the calculated evaporation 
lifetimes at these two pressures reflect the predicted decrease of molecular 
diffusion coefficient by an approximately fourfold increase in calculated 
evaporation lifetime at the higher pressure as compared to the calculated 
lifetime at the lower pressure (as shown in Fig.3-7 at 300°c). The small 
variation between the experimental evaporation lifetimes at these two pressures 
and at this surface temperature, given above, is in strong contradiction to 
the fourfold variatior between the calculated lifetimes. From this specific 
example and, in general, from the comparison between the calculated and 
experimental evaporation lifetime curves of Figs.3-5 and 3-7 at pressures 
above the critical, it is therefore concluded that the relationship between 
the molecular diffusion coefficient and temperature and pressure for a
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vapour/gas mixture is not as given by equation (>-22) but should read,
P
(3-23)
0
where m is an integer always less than 1 and a function of pressure. The
mixture, as deduced from the comparison between the calculated and experimental 
evaporation lifetimes of Figs.3-5 and >-7, is now specified as follows:-
The relationship of the molecular diffusion coefficient of a binary
 ' *c' r w'~
m is close to 1; in the pressure range from a reduced pressure of
approximately one half to greater, the value of the integer m 
progressively decreases with increasing reduced pressure, tending 
to zero with increasing reduced pressure greater than X.
Though (ii) above is deduced to be primarily responsible for the increasing 
deviation between calculated and experimental evaporation lifetimes at reduced 
pressures greater than one half, for the reasons given above, the other 
reasons for the deviations, given by (i)(iii)(iv) and (v) above, cannot be 
negligible at high pressures, especially when the surface temperature 
approaches the critical temperature of the liquid.
In Fig. >-6, the calculated values of the average rate of mass transfer per 
unit area and time, vapour boundary layer thickness and the temperature 
difference between the liquid film surface and the heating surface, for 
n-Heptane films at four pressures, are plotted against the liquid film 
surface temperature. These calculated values are derived from the computat­
ions necessary to produce the calculated values of the evaporation lifetimes 
shown in Fig. 3-5. In view of the observed thickness of the vapour boundary 
layer adjacent to the liquid film surface and its relationship with the 
evaporation lifetime of the film, described in section 3*8*2.1 (iii) and (iv), 
the calculated values of the boundary layer thickness and their relationship 
to the rate of mass transfer and pressure are satisfying.
effect of pressure on the molecular diffusion coefficient of a vapour/gas
vapour/gas mixture with temperature and pressure follows equation 
(3“23) above. In the pressure range from atmospheric to a reduced
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Nevertheless, and as a pointer to future work, however satisfactory is the 
comparison between calculated and experimental evaporation lifetimes obtained 
in the present work, at low reduced pressures especially, and however j
satisfactory are the calculated values of the boundary layer thickness, the j
hypothesis postulated by equation (>-6) of section 3-8.2.2 concerning the 
boundary layer thickness, viz.,
v „ 2  t
6 = C J L  .....................................  (3-6)
D2
cannot yet be regarded as being a conclusively proved fact; the hypothesis 
awaits a comprehensive experimental study of steady state evaporation. Thus, 
the important equation derived in the present work, using equation (3-6) above 
is equation (3-7) above; because of its importance, equation (3-7) is given 
here again, viz.,
loge Fib-*173-................. (>?)a Pvs PPvs
Equation (3-7) gives the evaporative mass transfer, per unit area and time, 
from a liquid into an infinite gaseous medium in which there is no convection 
except that caused by the evaporation process itself. The properties in 
equation (3-7) are evaluated at the liquid phase boundary, T^ . Strictly 
the gas temperature is T^ also.
It is shown in Appendix 17 that equation (3-6) above can be rewritten to 
read as equation (3-8) of section 3 * 8 . 2 . viz.,
6 = a [JL log e -JL../3    (3-8)|
Pvs P-Pvs
where a = C 7 In addition, the function
J L  loge — ,P— ..................................  (3-24]
Pvs P-Pvs
has values close to 1 at low values of partial pressure, Pvs* ^  follows
that at low values of partial pressure, p , equations (3-7) and (3-8) above ivs
can be approximated to,
&<% PvsD  .....    (3-25)
It is equations (3-7)(3-8),(3-25) and(3-26) that need to he further studied, 
using Schlieren or interferometrie techniques, during a steady state evaporat­
ion process* The potential of equation (3-7) is great.
In conclusion, two relevant subsidiary tests are now discussed. The first 
subsidiary test is pertinent to the temperature behaviour of a heating surface 
when a drop contacts it. A suggested behaviour has been discussed in section 
3.8.3* 1 but, until future experimental work has been carried out to investigate 
this, the true behaviour is unknown. The thermal diffusivity of a surface is 
probably important and a subsidiary test was carried out on polished surfaces, 
of three materials, exposed to the atmosphere to investigate the effect of 
surface material on the evaporation lifetimes. The results of the test are 
presented in Pig.3-12. The liquid used for the drops is 2,2,4 -Trimethylpen- 
tane. The curves show that in the true contact evaporation ranges below a 
surface temperature corresponding to the saturated liquid temperature, a com­
paratively large decrease of thermal conductivity of the metal surfaces, 
aluminium and stainless steel; causes only a very small increase in the 
evaporation lifetime. When the thermal conductivity of the surface material 
even less, as of the fused quartz surface, and approaches the thermal conduct­
ivity of the liquid, then the increase of lifetime is large. The specific 
heat and density of the material are not the criteria because the values of 
these properties for aluminium and fused quartz are similar.
The second subsidiary test is concerned with the value of a, the constant in 
equations (3-7),(3-8) and (3-9) above. The comparison between calculated 
and experimental evaporation lifetimes, shown in Figs. 3-5 and 3-7, 
necessitated a value of this constant to be obtained from at least one 
experimental lifetime, at a given surface temperature, and the observed 
magnitude of spread of the liquid film on the surface. (The method of so 
doing is showncin section IV.4., Appendix IV). For n-Heptane and n-Hexadecane, 
the value of a obtained and used in the computations is 1/250 ft. The 
possibility arises, suggested also by Schlieren studies of the boundary layer 
thickness of a suspended drop (19), that a is a constant for all liquids. To 
investigate this possibility, a subsidiary evaporation test was carried out 
on water drops at atmospheric pressure only, and the evaporation lifetimes in
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the true contact evaporation range computed using equations (5-9) and (3-14) 
above, the observed magnitude of spread (0*2 in), and a « 1/250 ft. The 
comparison between calculated and experimental evaporation lifetimes are 
presented in Fig.3-11; the agreement is seen to be poor. The reason for 
this poor agreement is due, in part, to the unexpected shape of the water 
drops on the heating surface* Thus, because of the high molecular liquid 
surface tension of water, compared with that of hydrocarbon liquids (43) $ the 
drop sat on the surface, not as a film, but as a well defined spherical 
segment with a maximum height above the surface of about 0*04 in; the spread 
of the drop, in consequence, was less than that of the hydrocarbon liquids 
despite the mass of the water drop being four times greater than the drop 
masses used for the hydrocarbon liquids..' Because of this height, of. liquid, 
convection was observed within the liquid of the drop. Equation (3-14) 
above is not then applicable to predict the temperature difference between 
the heating surface and the liquid film surface during evaporation, the 
equation being derived on the basis of conductive heat transfer only. 
Consequently, the calculated evaporation lifetimes cannot be plotted against 
the surface temperature with any degree of precision to be then compared 
with the experimental lifetimes.
Though the second subsidiary test, described above,.is inconclusive in its 
object it is introduced into the present discussion in order to show that 
the variation of a,if any, from one liquid to another needs further study 
in conjunction with equations (3-7) and (3-8) above.
3.11.3 evaporation in the tmaximum evaporation rate ranges' and in condit­
ions OF TEMPERATURE AND PRESSURE ABOVE THE CRITICAL POINT OF A 
LIQUID.
In Table I of section 3*9«» column (g) shows the calculated average heat 
flux to the liquid drop during the experimental evaporation lifetimes of 
drops of three liquids on a surface in these evaporation ranges, at various 
pressures. The variation of average heat flux obtained with pressure, and 
shown in column (g), could be due to an error in estimating the contact 
diameter of the drop with the surface during evaporation, as discussed in 
section 3.9; the variation of average heat flux with pressure cannot, there­
fore, be regarded as conclusive. If it is assumed that the average heat
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flux to the drop is independent of pressure, then equation (3-17) of section 
3.9* , derived in the present work, enables an estimation to be made of the 
minimum evaporation lifetimes in these ranges; the equation is
tL = m m  ..................... (3-17)
A 4"m
where is the maximum peak heat flux obtained from the experiments of
Cichelli and Bonilla (37) or Addoms (38)* Equation (3-17) must be used 
with caution for two reasons. First, it has been reported (40)(4l) that 
when a subcooled liquid, at atmospheric pressure, is brought into contact 
with a surface hot enough to cause local boiling, the peak heat flux is very- 
much greater than if the liquid is initially near or at the saturated liquid 
temperature. In the present work, the drop temperatures just before contact 
with the surface are always much less than the saturated liquid temperature; 
consequently, the drops always behave as a subcooled liquid. Further work 
would be required on the effect of a variation of initial drop temperature 
just before contact with a surface on the evaporation lifetimes in these 
evaporation ranges to determine the applicability of equation (3-17) then.
Second, all the evaporation tests in the chamber were conducted using a 
polished stainless steel surface. The minimum evaporation lifetimes recorded 
on this surface are given in Table I of section 3*9- Other surface materials 
may yield different minimum evaporation lifetimes. A subsidiary test was 
carried out on polished surfaces, of three materials, exposed to the atmos­
phere to investigate the effect of surface material on the evaporation life­
times, The results of this test are presented in Fig.3-12* The liquid 
used for the drops is 2,2,4 - Trimethylpentane. This test was discussed in 
section 3-11.2 and it was deduced there that the thermal conductivity is the 
important property when considering the thermal diffusivity of the surface 
material. The minimum evaporation lifetimes of Fig,3-12 show that a large 
increase of thermal conductivity, from that of stainless steel to that of 
aluminium j Causes but a Very small decrease in lifetime whereas a large 
decrease of thermal conductivity, from that of stainless steel to that of 
fused quartz, causes a large increase (about 100/&) in lifetime. From this 
test it is concluded that metal surfaces, generally, will yield veiy similar
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minimum evaporation, life time 3 and equation (3-17) is applicable; for surface 
materials of low thermal conductivity, equation (3-17) is not applicable.
The subsidiary test, described above, raises an important point. It is 
observed on Fig. 3-12 that the temperature difference between the heating 
surface temperature at which the evaporation lifetimes are a minimum and the 
saturated liquid temperature is a function of the thermal conductivity of the 
material of the surface. In this respect, the literature on boiling heat 
transfer is also useful because there is abundant information on the temper­
ature difference, between that of a submerged heating surface or wire and the 
saturated liquid temperature, at which the peat heat flux in nucleate boiling 
is a maximum for various heating materials of various surface finish. This 
temperature difference is referred to as the 'critical AT1 and typical values 
are shown in the given reference (39) •
3.11.4. COMPARISON BETWEEN EXPERIMENTAL AND CALCULATED EVAPORATION LIFETIMES 
IN SPHEROIDAL EVAPORATION
A comparison between experimental and calculated evaporation lifetimes in
this mode of evaporation is made for drops of three liquids; n-Heptane through
the. complete range of temperatures and pressures corresponding to spheroidal
evaporation (possible only below the critical pressure)of Pig.3-1, and
n-Hexadecane and water at atmospheric pressure only. The almost complete
absence of the necessary physical and thermodynamic data for the two liquids
n-Hexadecane and a-methylnaphthalene prevented the comprehensive comparison
possible with n-Heptane. The calculated atmospheric pressure lifetime curve
for drops of n-Hexadecane was obtained only by extrapolating almost every
necessary property from data for normal paraffin hydrocarbon liquids of lower
molecular weight.
Fig.3“8(a) shows the experimental evaporation lifetime curves for n-Heptane 
drops, drawn from Pig;3-1 on an enlarged scale, with the calculated lifetime 
curves superimposed* The calculated evaporation lifetimes are obtained by 
using equation (3-21) of section 3*10.2, derived in the present work* viz.
tL =    (3-21)
where X, the evaporation constant, is given by equation (3-19) section 
3.10.2.,
Quantitative agreement between calculated and experimental evaporation life­
times is generally poor. In order to discuss the reasons for the poor 
agreement it is necessary now to consider the subsidiary tests carried out 
on a surface exposed to the atmosphere.
It is in spheroidal evaporation, primarily, that the subsidiary tests are 
useful to the theoretical work because of their reliability, for the reason 
given by 3a of section 3»11 • 1 • Fig.3-9 shows the experimental evaporation 
lifetime curves obtained for drops of four normal paraffin hydrocarbon 
liquids of different molecular weight on a surface exposed to the atmosphere; 
the surface material and finish were identical to that used in the chamber. 
Included in Fig.3-9 are the curves for n-Heptane and n-Hexadecane drops and, 
using these two experimental curves in the spheroidal evaporation range, a 
comparison is made between the calculated and experimental evaporation life­
times, at atmospheric pressure only, in Fig.3-10. The agreement now 
obtained is acceptable and this points to additional factors being present 
during evaporation of drops on a surface in the chamber, unaccounted by the 
theoretical work on spheroidal evaporation, which are not present during 
evaporation of drops on a surface exposed to the atmosphere. For comparison, 
the atmospheric pressure experimental evaporation lifetime curves for 
n-Heptane and n-Hexadecane drops, drawn from Figs.3-1 and 3-2 are shown also 
in Fig.3-10.
The technique used to investigate the cause of the large deviations obtained 
between the calculated and experimental evaporation lifetime curves of Fig. 
3-8(a), which is for n-Heptane drops on a surface in the chamber, was first 
to assume that the deviations are due to the following factors:-
Cracking of the fuel drops in the nitrogen-filled chamber.
Heat transfer to the drop from the surrounding gas; this was 
neglected in the theoretical work as it was considered small 
compared with the heat transfer from the surface-.
Other effects.
(i)
(ii)
(iii)
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Then, a liquid that does not crack was examined on a surface in the 
chamber and on a surface exposed to the atmosphere, in otherwise appar­
ently identical conditions; thus, air was used in the chamber and the 
surface used was identical in both tests. The liquid used for the drops 
was water. Included in the results of these two tests, presented in 
Fig.5-11, are factors (ii) and (iii) above only. Quantitatively, the 
comparison between the two experimental curves may be accurately 
summarised by saying that the lifetime of the drop on a surface exposed 
to the atmosphere is almost consistently 1*8 times the lifetime of the 
•drop on the surface in the chamber, at any given surface temperature in 
the spheroidal evaporation range. In addition, the calculated 
evaporation lifetime curve for water drops, using equation (3-21) above, 
is presented in Fig. 3-11 for comparison. Quantitatively, the compar­
ison between the calculated curve and the experimental evaporation life­
time curve for water drops on a surface exposed to the atmosphere may 
be accurately summarised by saying that the experimental lifetime of 
the drop on a surface is almost consistently 1*4 times the calculated 
lifetime, at any given surface temperature in the spheroidal evaporation 
range. The reason for this difference is, simply, that the shape of 
a water drop in spheroidal evaporation was observed to be more spherical 
than that of the organic liquids, undoubtedly because of the larger 
molecular liquid surface tension of water. Referring to the model used 
for the theoretical analysis, shown in Fig.V-l(a) of Appendix V, a more 
realistic shape for water drops would be obtained if the distance from 
the centre of the drop to the bottom adjacent to the vapour seat, shown 
as ^4, were The calculated lifetimes would then, in consequence,
be longer.
The consistence of the factors of difference between the lifetimes given 
by the two experimental curves and the calculated curve for water drops 
in spheroidal evaporation, described above, conclusively proves that 
deviations between calculated and experimental evaporation lifetimes 
that increase with increasing surface temperature, as shown in Fig.3-3(a), 
are due to cracking. "What has not been shown, so far, is the cause of
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the constant factor of difference between the two experimental evapor­
ation lifetime curves for water drops obtained on a surface in the 
chamber and on a surface exposed to the atmosphere, shown in Pig.>-11.
Concerned now frith deciding whether factors (ii) or (iii) above are 
responsible for the constant factor of difference between the two 
experimental evaporation lifetime curves for water drops,factor (ii) 
above is considered next. In the chamber, the temperatures of the 
heating surface and of Ihe gas above the surface are very similar; 
measurements indicated that the temperature of the gas was generally 
some 5 deg C higher than the surface. The surface exposed to the 
atmosphere, on the other hand, has a large temperature gradient in the . 
air above the surface* A simple experiment was performed to investigate 
the air temperature in the vicinity of a drop evaporating on this latter 
surface.
luring the course of a test on spheroidal evaporation on a surface 
exposed to the atmosphere, a thermocouple was placed at the centre of 
the surface and at a height above the surface corresponding to the 
centre of a drop in spheroidal evaporation during the early stages of 
evaporation when the drop is comparatively large. The wires were led 
out to the periphery of the surface at the same height above the 
surface as the thermocouple to eliminate conduction away from it as 
much as possible. The temperature of the air at the thermocouple, as 
recorded by this approximate method, was 395°0 when the surface 
temperature was 540°C*
The above single reading of the air temperature above a hot surface is 
sufficient to reach a conclusion regarding the effect of heat transfer 
from the surrounding gas on the evaporation lifetimes of drops on a 
surface in the chamber. The spherical surface area of a drop in 
spheroidal evaporation which is exposed to the surrounding gas is much 
greater than the area of the flat bottom of the drop adjacent to the 
vapour seat, across which is the conductive heat transfer from the 
heating surface. Hence, if the heat transfer from the surrounding gas
59
f
to a drop in spheroidal evaporation is significant, the mode of evaporat­
ion from the surface area presented to the surrounding gas will he ident­
ical to the mode of evaporation of suspended drops and the evaporation
the will he
lifetime and the slope of/lifetime curve/influenced by this evaporation
in accordance with the law of evaporation of suspended drops. The law
i
of evaporation of a suspended drop is given by (17),
d2 = a /  - x t   ......................  (3-27)
where dQ is the diameter of the spherical drop at time t = 0; d is the
diameter of the drop after time t; X is the evaporation constant. The law
of evaporation of a drop in spheroidal evaporation on a surface, as 
derived from the theory of this work, is given by equation (3-18) of 
section 3*10.2, viz.,
d5/4 = dQ5/4 - Xt .................. . (3-18)
where dQ is the diameter of the truncated spherical drop at time t = 0;
d is the diameter of the truncated spherical drop after time t;\ is the
evaporation constant. Clearly, the units of X , the evaporation constant, 
in equations (3-27) and (3-18) above are not the same. In addition, and 
this is what is of importance here, it has been shown by Satamanathan (27) 
that an evaporation lifetime vs. gas temperature curve for a suspended 
kerosine drop has a steeper slope (especially so at low temperatures) 
than an evaporation lifetime vs. surface temperature curve for a kerosine 
drop in spheroidal evaporation, at comparable temperatures; Satcunanathan 
also showed the law of spheroidal evaporation, equation (3-18) above, from 
a re-plot of the results of Tarnura and Tanasawa (26). To repeat the 
comparison of Satcunanathan, but for water drops now, the evaporation life­
time curve for a suspended water drop was calculated using the experimental 
relationship between drop diameter and time, with gas temperature as the 
independent variable, obtained by Hoffman and Gauvin (17); the mass of the 
water drop used for the calculations is 11 *6 mg, the same mass as used in 
the experiments of the present work* The resulting calculated curve, 
together with the two experimental evaporation lifetime curves for water 
drops in spheroidal evaporation, drawn from Fig.3-11, are presented in 
Fig.3-13.
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It has already been shown earlier that the temperature of the air above 
the surface is greater when the surface is in the chamber than when it is 
exposed to the atmosphere. If now the two experimental evaporation life­
time curves for water drops in spheroidal evaporation are examined, shown 
in Fig. 5-13 now, it would be expected that the effect of the additional 
heat transfer to the drops from the surrounding gas in the chamber would 
cause not only a decrease of evaporation lifetime, at any given surface 
temperature, but also an increase in the factor of difference between the 
lifetimes obtained from the two tests with increasing surface temperature. 
But, though a decrease of evaporation lifetime exists, as shown by the 
experimental curve when the surface is in the chamber, the factor of 
difference is almost consistently 1 *8 at all surface temperatures in the 
spheroidal evaporation range. Consequently, the conclusion must be that 
the additional heat transfer to drops on a surface in the chamber is not 
the factor obviously responsible for the lesser evaporation lifetimes 
obtained from the test in the chamber compared with the lifetimes obtained 
from the test on the surface exposed to the atmosphere. The other poss­
ible factors responsible for the difference are now described under factor 
(iii) above, viz., other effects.
f0ther effects* loosely describes effects other than increased heat 
transfer from the surrounding gas, present during the evaporation test using 
water drops on a surface in the chamber and not present during the evapor­
ation test using water drops on a surface exposed to the atmosphere. They 
will be described in two groups. The first group includes those effects 
which are known to reduce the evaporation lifetime of a drop in spheroidal 
evaporation but in such a way that the factor of difference between any 
two lifetime curves is constant with surface temperature; the second group 
includes those effects that similarly reduce lifetimes but in such a way 
that the factor of difference between any two lifetime curves increases 
with increasing surface temperature. The effects, in their respective 
groups, are now described 
Group 1
(a) Smaller drop size - caused by preheating of the drop forming on the 
injector (discussed in 2(a) of section 3*11*1*)
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(b) Larger vapour seat diameter - heating of the drop from ,the 
surrounding air probably causes a higher liquid drop temperature 
during evaporation. Neglecting the increased mass transfer so 
caused, the resulting small reduction of molecular liquid surface 
tension will cause a small change in the shape of the truncated 
spherical drop.
Group 2
(c) Eadiation from the chamber walls and from the quart25 windows. The 
emissivity of stainless steel (oxidised) and quartz is relatively 
high (44): the absorptivity of water is very high (45)* Eadiation 
effects are neglected in the present theoretical consideration of 
spheroidal evaporation.
The rather lengthy aforegoing discussion regarding the experimental 
evaporation lifetime curves for water drops is necessary if the accuracy 
of equation (3-21) above is to be assessed; this in view of the poor 
agreement obtained between the calculated (using equation (3-2l)) and 
experimental evaporation lifetimes of n-Heptane drops, as shown in Fig. 
3-8(a). For water drops, every possible cause of reduction of the life­
time of a drop in spheroidal evaporation has now been discussed together 
with its effect on the slope of an evaporation lifetime curve; obviously 
cracking is not included in this discussion. The purpose of the test 
on water drops is, to reiterate, to eliminate cracking as a factor and to 
examine the experimental evaporation lifetime curves on a surface in the 
chamber and on the identical surface exposed to the atmosphere. By this 
technique it is shown that crackihg is responsible for the increasing 
deviation between calculated and experimental lifetime curves, as shown 
in Fig.5-'6(a)* But the test also shows that a large difference exists 
between the experimental evaporation lifetimes for water drops under the 
two experimental conditions, as shown in Fig.3-11 *
Examine now the experimental atmospheric pressure evaporation lifetime curves 
of Fig.3-10; these curves are for n-Heptane and n-Hexadecane drops on a 
surface in the chamber and on the identical surface exposed to the atmos­
phere. A comparison between the two experimental curves for each liquid
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reveals that at low surface temperatures, where cracking is limited, the 
lifetimes on the surface in the chamber are less than on the surface 
exposed to the atmosphere but by an amount far less than shorn by water 
drops, in Pig. 3-11# under the two experimental conditions Jig. 3-10 thus 
shows that the additional factors (excluding cracking) present during 
evaporation of a drop on the surface in the chamber and not present during 
evaporation of a drop on the surface exposed to the atmosphere, given by 
(a),(b) and (c) above and including now the additional heat transfer to the 
drop on a surface in the chamber, have considerably more influence on 
water drops than on drops of n-Heptane and n-Hexadecane. The specific 
factor responsible for this cannot unfortunately be given.
It is considered justifiable now to assume that the theoretical analysis 
of spheroidal evaporation (presented in Appendix V) is reasonably accurate 
in its prediction of evaporation lifetimes for n-Heptane and n-Hexadecane 
drops, and that the cause of the large differences obtained in Fig.3-8(a) 
between the calculated and experimental lifetimes, at any given surface 
temperature, are due to the following factors:-
1* Cracking of the full drop, 
and having a far lesser degree of influence,
2. Other effects, described by (a) to (c) above* (it is rorth 
noting that radiation effects, as described by (c) above will be 
of less significance during evaporation of hydrocarbon liquids 
because of the smaller value of absorptivity for such liquids (54))
3* Heat transfer from the surrounding gas.
In order to obtain another comparison between the calculated and experim­
ental evaporation lifetimes of n-Heptane drops, the calculated values of 
lifetimes shown in Fig.3-S(a) were multiplied by an empirical constant /, 
defined in Pig.3-8(b), and a new comparison made in Figc3~8(b) • The 
agreement for all pressures shown, except at the maximum of 250 lbf/in^ 
gauge, is acceptable now* The empirical constant,/* was derived on the 
basis that the 'Leidenfrost point* for n-Heptane is 100 deg C above the 
saturated liquid temperature* It is, in itself, not particularly
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valuable though it must be a function of the cracking velocity of n-
Heptane. Its use, though, is considered justified to enable a better 
assessment tb be made of the value of the theoretical work at elevated 
pressures. Thus, Fig.3~8(b) shows that the theoretical prediction is 
still considerably in error at 250 lbf/in , gauge, i.e., a pressure 
that approaches the critical pressure. The reason for this is, as 
described in section 3*7.1., that increases of pressure above a reduced 
pressure, P/pc> of approximately one half cause a progressive, but 
slight, flattening of the truncated spherical drop with slight increases 
in the vapour seat diameter. Consequently, the theoretical model, 
shown in Fig. V-1, of Appendix V, is progressively inadequate at reduced 
pressures greater than one half.
From the discussion so far, it i3 apparent that spheroidal evaporation 
of a drop on a surface, and its lifetime of evaporation, is influenced 
by several factors. All the factors, generally, reduce the lifetime as 
compared with the lifetime with the factors absent; the reduction of 
lifetime may be as much as 50/a sometimes. In conclusion, two additional 
factors are discussed.
When a drop in spheroidal evaporation becomes very small due to evapor­
ation, it was described in section 3 «4-(v) that vertical oscillations of 
the drop take place with increasing amplitude until continual contact is 
suddenly made with the surface. How if the surface is slightly dirty, 
(because of hard carbon deposits) or if impurities are contained in the 
liquid drop (because of cracking of the liquid or because of dissolved 
solids) it was observed that the drop size was larger when continual 
contact is suddenly made with the surface. The effect of earlier 
continual contact on the evaporation lifetime of a drop in spheroidal 
evaporation can be considerable, as the following example shows.
Consider a water drop, of initial mass 11*6 mg., evaporating on a surface 
exposed to the atmosphere and at a temperature of 400°C. The evaporation 
lifetime, from Fig.3-11, is 51*0s. Suppose, for example, the drop had 
completely evaporated in spheroidal evaporation. Using equation (3-18)
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above, the evaporation lifetime will now be calculated as if the drop 
suddenly makes continual contact with the surface when its diameter is 
0*02 in. The lifetime then yielded is 45*4s, a 10$ decrease. The ipass 
evaporated however, when the drop makes continual contact with the 
surface when its diameter is 0*02 in., is 99*4$ of the total.
A powerful mathematical technique exists, as the above example shows, to 
predict the evaporation lifetime of drops in spheroidal evaporation when 
cracking or other such lifetime reducing factors are thought to be present 
and when the rate of mass transfer is of eventual interest. This is to 
calculate the lifetime of the drop for say 95-99^ niass transfer from the 
drop in spheroidal evaporation only, using equation (5-18) above.
The phenomenon of a comparatively large drop oscillating vertically on 
the surface, occurring at 'hf shown in Fig.5*1, and described in section 
5-4(v) for n-Heptane, is an example of a slight disturbance from the 
ideally stationary state of a drop in spheroidal evaporation leading to a 
comparatively large change in the evaporation lifetime. The phenomenon 
was observed with all liquid drops in spheroidal evaporation. However, 
it is the instant during evaporation at which a comparatively large drop 
starts to oscillate that determines whether the phenomenon shows itself 
by an inflexion on the evaporation lifetime curve or not. Considering 
the behaviour of a water drop, for example, the phenomenon was observed 
to occur immediately after spheroidal evaporation was established. 
Oscillations proceeded for several seconds and then died out. The drop 
continued to evaporate until it was very small when vertical oscillations 
of the very small drop ensued until continual contact was made with the 
surface. These types of oscillation produced no inflexion on the 
evaporation lifetime curve (as shown in Fig.5-11). Considering the
behaviour of a n-Heptane drop for example, the phenomenon was observed 
to occur some time after spheroidal evaporation had been established and 
continued until the drop was very small and continual contact was made 
with the surface. This type of oscillation produced an inflexion on 
the evaporation lifetime curve (as shown at *h*, Fig.5-1)• It is clear 
that calculated evaporation lifetime curves cannot show this inflexion 
when using equation (5-21) of the present work.
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(a). n-HEPTANE DROP IN
SPHEROIDAL EVAPORATION.
Surface Temperature 250°C. 
Atmospheric Pressure.
(b). THE ESTABLISHMENT OP
SPHEROIDAL EVAPORATION OP 
A n-HEXADECANE DROP.
Surface Temperature $00°C. 
100 lhf/igauge.
Vapour
boundary-
layer.
Surface Temperature 500°C, Surface Temperature 300°C,
500 lbf/in gauge. 750 lbf/in^  gauge.
PLATE IV.
THE EVAPORATION OF LIQUID DROPS ON A HEATED SURPACE.
(c) EVAPORATION OF A 
n-HEXADECANE DROP IN 
CONDITIONS OP TEMPERATURE 
AND PRESSURE ABOVE THE 
CRITICAL POINT.
(a) EVAPORATION PROM A 
n-HEXADECANE POOL OF 
LIQjID.
CHAPTER 4
THE IGNITION DELAY CEP A FUEL DROP ON A HEATED SURFACE.
121
4.1 INTRODUCTION
The main work of this chapter is concerned with the variation of the 
ignition delay of fuel drops on a polished stainless steel surface, with 
surface temperature and air pressure. Ignition delay measurements were 
made for four fuels; n-Heptane, n-Hexadecane, 2,2,4 - Trimethylpentane 
and a - Methylnaphthalene.
The experimental ignition delay curves obtained for a particular fuel 
are analysed primarily by comparison with the evaporation lifetime curves 
for the same fuel; the latter curves are given in chapter 3» In addition, 
chapter 3 provides information on the mode of evaporation and the drop 
shape during the ignition delay, at any given surface temperature and 
air pressure•
Subsidiary experimental work on ignition delay, using a machined rough 
stainless steel surface in the chamber, is also presented in this 
chapter. This work intends to show the effect of a decreased drop 
evaporation lifetime on ignition delay. The liquid fuels used for 
these tests are n-Heptane and n-Hexadecane.
4.2 TEST PROCEDURE
The apparatus and test procedure used for the ignition delay tests were 
similar to those used for the evaporation tests in the chamber, with 
one exception. The exception is that electronic switching circuits 
were used to start and stop chronometer A, where chronometer A gave 
the ignition delay.
The apparatus and relevant electronic instrumentation is described in 
chapter 2. The test procedure is described in section 3»2 of 
chapter 3*
In these tests, unlike the evaporation tests, the chamber was not 
internally illuminated. Consequently, the only indication that a drop 
had been injected into the chamber was given by chronometer A starting 
to count when a falling drop interrupted the light beam passing through 
the chamber. The technique of single drop injection had been perfected
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after the many tests carried out on the evaporation of drops. However, 
occasionally a second unwanted drop was injected after the test drop, as 
revealed by the increased burning time recorded by chronometer B. (The 
tests on the burning time of drops were run concurrently with the 
ignition delay tests; the results are given in chapter 5) • When this 
occurred, the reading of chronometer A (or chronometer B) was not 
recorded.
4.3 EXPERIMENTAL RESULTS
4.5.1. MAIN TESTS
The ignition delays for the four fuels,obtained on a polished stainless 
steel surface, are presented in Figs. 4-1,4-2,4-3 and 4-4 for various 
pressures and with the surface temperature as the independent variable. 
The above figures show, respectively, the ignition delays of n-Heptane, 
n-Hexadecane, 2,2,4 - Trimethylpentane and a  - methylnaphthalene.
In the present work, the ignition delay starts when a drop first 
contacts a surface, and terminates when an abrupt increase in radiation 
from a reaction is recorded by the photosensitive device, so stopping 
chronometer A counting (via the switching circuit). The results shown 
in the above figures are the readings of chronometer A corrected by 
deducting the time of fall from the light beam to the surface. The 
times of drop fall, from the light beam to the surface, are presented in 
Appendix II for various temperatures and pressures. ,
4.3.2 SUBSIDIARY TESTS
The ignition delays for the two fuels, obtained on a machined rough 
stainless steel surface, are presented in Figs. 4-5 aad 4-6 for various 
pressures and with the surface temperature as the independent variable. 
The above figures show, respectively, the ignition delays of n-Heptane 
and n-Hexadecane.
The same correction was applied to the readings of chronometer A, before 
plotting the results, as described in section 4.3*1 above.
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4.4 ANALYSIS OF EXPERIMENTAL RESULTS
4.4.1 INTRODUCTION TO THE ANALYSIS
A comprehensive analysis of the experimental ignition delay curves' will 
he made for n-Hexadecane, obtained using the polished surface. On 
comparing these ignition delay curves, given in Fig. 4-2, with the 
respective evaporation lifetime curves, given in Fig.3-2 of chapter 3> 
it is clear that ignition takes place during all the modes of evaporation 
described in chapter 3«
An analysis of the experimental ignition delay curves obtained for n- 
Heptane, for example, cannot be comprehensive because, as a comparison 
between the respective ignition delay and evaporation lifetime curves 
shows(Figs.4-1 and 3-1 of chapter 3> respectively), ignition does not 
take place in the contact modes of evaporation below the critical 
pressure of the fuel.
The Spontaneous Ignition Temperature (S.I.T.) of a fuel/air mixture will 
be mentioned in the following work of this chapter. In the present 
work, the S.I.T. is assumed to be the minimum temperature at which a 
chemical reaction between a fuel vapour and an oxidant can commence and 
accelerate to ignition. The values of the S.I.T. that will be 
quoted for a particular fuel are those obtained by other investigators 
in air at atmospheric pressure; it must be noted however, that previously 
reported values of the Spontaneous Ignition Temperature of a particular 
fuel/air* mixture do vary (55)* The effect of pressure on the previously 
reported values of the atmospheric pressure S.I.T. will be obtained from 
the results of the present work.
4.4.2. THE IGNITION DELAY CURVES FOR n-HEXADECANE DROPS ON A SURFACE.
4.4.2.1 DESCRIPTION OF AN IGNITION DELAY CURVE
A typical ignition delay curve obtained for drops of n-Hexadecane on a 
heated surface, which includes all modes of evaporation, is the curve for 
a pressure of 20 lbf/in gauge in Fig.4-2. To assist the description, 
this curve has been redrawn in Fig.4-7, together with the respective 
evaporation curve from Fig.3-2 of chapter 3» to a convenient scale.
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Both curves are labelled, in Pig.4-7 as follows :-
(i) a-b where *a’ is the minimum surface temperature for ignition and 
!bf is the surface temperature corresponding to the saturated liquid 
temperature at 20 lbf/in gauge; the range ’a-b’ corresponds to the 
true contact evaporation range. Point 'a* will be defined in the 
present work as the ’Minimum Ignition Temperature’, being the minimum 
temperature at which ignition takes place for the particular evaporation 
lifetime of a drop at that surface temperature.
(ii) b-c-d. where the range ’c-d’ corresponds to evaporation in the
Maximum Evaporation Hate Eange. Despite a •omparatively large decrease 
in evaporation lifetime, from ’b1 to ’c’, and a change of drop shape on 
the surface between !c’ and ’d’, the ignition delay is sensibly constant 
with surface temperature in the range ' b-c-d *.
(iii) d-e-f-g. where the range is the transition in the mode of evapor­
ation from that in the Maximum Evaporation Rate Range to spheroidal 
evaporation. The ignition delay curve exhibits an increase in delay, 
from *d* to *e*, followed by a decrease to a minimum delay, at *f’, and 
followed then by a large increase of delay, from ’f’ to ’g*. Referring
to Fig*4-2 briefly, it is important to note that this particular behaviour 
is obtained for pressures of 20 lbf/in gauge and below. At other 
pressures above 20 lbf/in gauge and below the critical pressure of the 
fuel, points *e* and *f ’ are absent from the ignition delay curves; the 
range ’d-e-f-g* is then the range ’d-g*.
(iv) g-h. where the range corresponds to spheroidal evaporation. The 
ignition delay curve shows that as the surface temperature increases 
from that at *gf, the ignition delay decreases slightly, then increases 
unexpectedly, and finally decreases again as *h’ is approached. Similar 
inflexions and turning points exist in the ignition delay curves 
obtained with other fuels at surface temperatures corresponding to the 
spheroidal evaporation ranges.
The range ’d-e-f-g* above is of the utmost significance. It shows that
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when the -evaporation lifetime of a drop is increased, {noting also that 
the heating up time of the liquid drop is related to the evaporation 
lifetime), the ignition delay is increased - and this despite an increase 
of surface and air temperature from *d* to ?g!. Therefore it follows 
that physical factors dominate chemical factors in ignition delay even 
at moderate temperatures (the surface temperatures corresponding to *d* 
and *gf for n-Hexadecane at 20 lbf/in^ gauge are 350°C and 405°C, 
respectively). This finding is of considerable importance to all 
subsequent work reported in this chapter*
4*4*2.2. THE EFFECT OF PRESSURE ON THE IGNITION DELAY CURVES.
From an examination of the ignition delay curves ,Fig. 4—2, it appears 
that the most convenient grouping of the curves for analysis and 
discussion is into three pressure ranges. The ranges are (a) low 
pressures, near atmospheric; (b) medium pressures, below the critical 
pressure; (c) high pressures, above the critical pressure. It is into 
these pressure ranges that the ignition delay curves of Fig.4-2 are 
divided as follows (the pressures given are gauge pressures)i-
(a) 0 - atmospheric j ignition takes place in all the modes of
(b) 20,50,100 ) evaporation described in chapter 3*
(c) 250,500,750,1000.
Since the 20 lbf/in gauge ignition delay curve was described in detail 
in section 4.4*2* 1 above, it is more convenient here to examine the 
effect of pressure.-on the ignition delay curves of group (b) first.
The analysis continues with Fig*4-2, using the respective evaporation 
lifetime curves of Fig.3-2 as reference.
O
(b) IGNITION DELAY CURVES FOR PRESSURES OF 20.50 and 100 lbf/in gauge 
A significant aspect of these three curves is that the minimum ignition 
delays shown are associated with surface temperatures in or near those 
corresponding to the Maximum Evaporation Rate Ranges for the respective 
pressures. Also, the ignition delay curves reflect the transition 
from evaporation in the Maximum Evaporation Rate Ranges to spheroidal 
evaporation (and the large increase of evaporation lifetime) by an
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increase of ignition delay.
Examining the three curves at low surface temperatures, say less than 
300°C in Pig.4-2, it is evident that the effect of pressure on the 
ignition delays is relatively small; also, it is evident that the 
effect of evaporation lifetime on the ignition delays is relatively 
small. The Minimum Ignition Temperatures shown are in close agreement 
with the reported S.I.T. given in Ref: 46, viz., 235°C at atmospheric 
pressure.
(a) THE IGNITION DELAY CURVE AT ATMOSPHERIC PRESSURE
An important difference exists between the atmospheric pressure ignition 
delay curve and the ignition delay curves described in (b) above. The 
atmospheric pressure ignition delay curve clearly shows that the ignition 
delay is much longer than those delays shown at similar temperatures and 
at higher pressures. The specific difference is that, unlike ignition 
at higher pressures, ignition at atmospheric pressure occurs only when 
the drop has almost completely evaporated. Prom the experimental 
atmospheric pressure evaporation lifetime curve of Pig. 3-2 and using 
the theoretical equations derived in chapter 3 for spheroidal evaporation, 
the following can be shown
In the Maximum Evaporation Rate Range, the ignition delays and the 
evaporation lifetimes are almost identical.
At a surface temperature of 400°C, 99f° of the mass of the drop in 
spheroidal evaporation has evaporated before ignition occurs.
At a surface temperature of 500°C, where Pig.4—2 shows an ignition 
delay of approximately one half the evaporation lifetime, Q6fo of 
the mass of the drop in spheroidal evaporation has evaporated 
before ignition occurs.
At higher pressures it can be shown that ignition occurs comparatively 
early in the evaporation lifetime of a drop. Consequently, the processes 
leading to the ignition of a drop at atmospheric pressure are clearly 
.^ different to the processes at higher pressures.
(i)
(ii)
(iii)
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(c) IGNITION DELAY CURVES FOR PRESSURES CF 250.500.750 and 1000 
lbf/irS GAUGE.
Before considering the ignition delay curves, it is necessary to note 
from the evaporation lifetime curves for these pressures, shown in Fig.
3-2, that turning points do not exist; the lifetime curves, however, do 
exhibit inflexions.
Considering surface temperatures above say 300°C, it is important to 
note that the bunching and inflexions of the ignition delay curves 
reflect the bunching and inflexions of the evaporation lifetime curves. 
Particular conformity of shape exists between the two sets of curves 
at surface temperatures between 380°C and 500°C. It is also important 
to note that as the evaporation lifetime curves of Fig.3-2 tend to a 
constant evaporation lifetime at surface temperatures above the critical 
temperature, so also are the ignition delay curves tending to a constant 
ignition delay. The effect of increasing pressure on the ignition
delay is clearly small at these high pressures*
At low* surface temperatures, below 300°C, chemical factors are undoubtedly 
important* The ignition delay curves for four widely different pressures 
are, however, almost inseparable; so also are the four respective 
evaporation lifetime curves almost inseparable (Fig.3-2). This suggests
that the influence of pressure on chemical factors is negligible when 
pressures are above the critical of the fuel* Also, the Minimum 
Ignition Temperatures shown in Fig.4-2 are less than the S*I*T. reported 
at atmospheric pressure (235°C). This shows that the S.I.T. of n- 
Hexadecane is a weak function of pressure.
4.4.2*3 THE EFFECT OF A DECTFa sED DROP EVAPORATION LIFETIME ON THE 
IGNITION DELAY
The purpose of the subsidiary ignition delay tests on a machined rough 
surface is to determine the effect of a decreased drop evaporation 
lifetime on the ignition delay of the drop.
The evaporation lifetime curve for a n-Heptane drop on a machined rough 
surface is shown in Fig.3-9 of chapter 3; the test was only possible with
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the surface exposed to the atmosphere, when the drop could be viewed 
in plan. The evaporation lifetime curve obtained from this test can 
be compared with the evaporation lifetime curve for the same liquid 
on a polished surface, shown also in Fig.>-9. The comparison can be 
approximately summarised as follows:-
The evaporation lifetime of a drop on the polished surface is 
four times that on the machined rough surface in the spheroidal 
evaporation ranges, and twice that on the machined rough surface 
in the contact modes of evaporation.
On the machinedrough surface, break up of the drop did occur in the 
spheroidal evaporation range. Usually, the drop would break up with 
one large drop in the interstices of the machined rough surface and 
with several much smaller drops in adjacent interstices. The mode of 
evaporation on the machined rough surface, in the spheroidal evaporation 
range, can only be loosely described as spheroidal evaporation; inter­
mittent contact at high frequency existed as was audible by the 
discontinuous hiss during evaporation of the drop.
The effect of the machined rough surface on the evaporation lifetimes, 
described above for n-Heptane drops at atmospheric pressure, may be 
assumed to be approximately true at elevated pressures and, also, to be 
approximately true for n-Hexadecane drops at all pressures.
In what follows, comparison is made between the ignition delay curves 
obtained for n-Hexadecane on the machined rough surface, shown in Fig. 
4-6, and the respective ignition delay curves obtained on the polished 
surface, shown in Fig*4—2 and described in section 4.4*2.2 above.
The curves of Fig.4-6 are grouped into three pressure ranges, as before 
(section 4.4.2.2)
(a) THE IGNITION DELAY CURVE AT ATMOSPHERIC PRESSURE
In the spheroidal evaporation range, the approximately fourfold reduction 
of evaporation lifetime causes as much as a tenfold reduction in the 
ignition delays (c.f.Fig.4-2 with Fig.4-6). The magnitude of the
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physical factors in the ignition delays of the spheroidal evaporation 
range of Fig.4—2 is therefore evident.
In the Maximum Evaporation Rate Range, though the life tine is halved, 
the ignition delays are virtually unaffected.
The effect of shorter evaporation lifetimes on the atmospheric pressure 
ignition delay curve of Fig.4-6 is clearly to bring it more in line 
with the curves shown for higher pressures* The Minimum Ignition 
Temperature now obtained (237°c) is very close to the S.I.T. (235°c)•
(b) IGNITION DELAY CURVES FOR PRESSURES OF 20.50 and 100 lbf/in2GAUGE 
As with the atmospheric pressure ignition delay curve, described in
(a) above, the effect of shorter evaporation lifetimes on ignition 
delay is most marked in the spheroidal evaporation ranges, though to a 
lesser extent than at atmospheric pressure; the ignition delays now 
are, approximately, one half to one third of the ignition delays shown 
in Fig*4-2, at comparable surface temperatures*
In the Maximum Evaporation Rate Ranges, the effect of a decreased 
evaporation lifetime on the ignition delay is small; the ignition 
‘delays now &r©v slightly less than the ignition delays shown in Fig. 4-2, 
at comparable surface temperatures*
At low surface temperatures, say below 300°09 the effect of a decreased 
evaporation lifetime on the ignition delay is negligible*
(c) IGNITION DELAY CURVES FOR PRESSURES OF 260.500.750 and 1000 lbf/in2 
GAUGE.
It is convenient to consider these four curves of Fig.4-6 at surface 
temperatures above and below 360°C approximately.
Above a surface temperature of 360°C, the effect of a decreased 
evaporation lifetime is to cause a progressive and marked decrease of 
the ignition delays, compared with the ignition delays of Fig.4-2; at a 
surface temperature of 450°C for example, the ignition delays now are 
approximately one half to one quarter of the ignition delays shown in
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Fig.4-2. Consider a specific case at 450° C t h e  ignition delay at
21000 lbf/in gauge is 8 ms in Fig.4-2 and 2 ms in Fig.4-6. This 
specific case clearly demonstrates the dominance of physical factors 
present in the ignition delay of Fig. 4—2; the dominance of physical 
factors present in the ignition delay of Fig.4-6 will be discussed later 
(in section 4.6.2.4)*
Below a surface temperature of 360°C, a converse behaviour occurs; the 
effect of a decreased evaporation lifetime is to cause a variable but 
generally small increase of the ignition delay. A marked increase of 
the Minimum Ignition Temperatures occurs also* This low temperature 
region, close to the S.I.T*, is generally accepted as being a region 
where chemical factors are important* However, the curves of Figs.4—6 
and 4-2 show that even in this region the ignition delay is susceptible 
to physical factors*
4.4.3 THE IGrHITIQN BELAY CUWES FOR n-HEPTAMl DROPS ON A SURFACE.
A description of an ignition delay curve for this fuel is not given. 
Otherwise, the procedure followed in the analysis and discussion of the 
ignition delay curves for this fuel is identical .to that followed for 
n-Hexadecane drops in section 4*4*2 above.
The required curves are those of Fig*4-1» showing the ignition delay 
curves obtained for n-Heptane drops on a polished surface, and those of 
Fig.3-1 of chapter 3» showing the respective evaporation lifetime curves 
for the liquid drops; the ignition delay curves obtained for n-Heptane 
drops on a machined rough surface are shown in Fig*4-5*
4*4*3.1. THE EFFECT OF PRESSURE ON THE IGNITION DELAY CURVES 
The analysis continues with Fig.4-1 > using the respective evaporation 
lifetime curves, as shown in Fig.3-1 of chapter 3*
(a) THE IGNITION DELAY CURVE AT ATMOSPHERIC PRESSURE
The atmospheric pressure ignition delay curve obtained for n-Heptane el.
clearly signifies (as it did for n-Hexadecane) that the ignition process
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is different at atmospheric pressure to that at elevated pressures 
(above 20 lbf/in gauge). Moreover, the Minimum Ignition Temperature 
(493 C) is much above the value of the S.I*T. reported for n-Heptane 
at atmospheric pressure, viz., 230°C (46).
(b) IGNITION DELAY CURVES FOR PRESSURES OF 20.50.100 and 250 lbf/in2 
GAUGE
Above surface temperatures of 300°C, all four ignition delay curves 
correspond to the spheroidal evaporation ranges. The ignition delay 
curves show small inflexions.
Below surface temperatures of 300°C, turning points exist in the 
evaporation lifetime curves; these are the transitions from evaporation 
in the Maximum Evaporation Rate Ranges to that in spheroidal evaporation* 
The ignition delay curves reflect the decreased evaporation lifetimes 
only slightly; this is a temperature region where chemical factors 
are undoubtedly important. The Minimum Ignition Temperatures shown 
in Fig. 4-1 correspond closely to the Spontaneous Ignition Temperature 
at atmospheric pressure (230°C).
The ignition and burning of a n-Heptane drop, at pressures of 20 and
2 o100 lbf/in gauge, and at a temperature of 350 C, is shown in Plates
V(a) and (b), respectively.
' (c) IGNITION DELAY CURVES FOR PRESSURES OF 500.750 and 1000 lbf/in2 
GAUGE
At these pressures, n-Heptane exhibits the same characteristics as 
n-Hexadecane; the ignition delay curves for the latter fuel were 
described in section 4.4.2.2 (c) above.
At surface temperatures above 300°C, the evaporation lifetimes are 
constant and independent of pressure. The ignition delay curves are 
also tending to a near constant value, though this is less pronounced 
than with n-Hexadecane. In addition, it must be noted that the ignition 
delays are generally longer than those of n-Hexadecane at comparable 
surface temperatures.
At low surface temperatures, close to the S.I.T. of the fuel and where
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chemical factors are important, the ignition delay curves are inseparable* 
Indeed, in this respect the ignition delay curve for 250 lbf/in gauge, 
which is below the critical pressure, also merges into the three ignition 
delay curves now being considered. This suggests that chemical factors 
are independent of pressure at pressures close to or above the critical 
pressure of the fuel* In addition, the Minimum Ignition Temperatures 
shown in Fig.4-1 correspond closely to the value of the S.I.T* reported 
at atmospheric pressure, i.e., 230°C (46); the S.I.T. of the fuel is, 
consequently, a veiy weak function of pressure.
The ignition and burning of a n-Heptane drop at a pressure of 500 lbf/in 
gauge and at a temperature of 350°C, is shown in Plate V(c).
4*4.3*2* THE EFFECT OF A DECREASED DEPP EVAPORATION LIFETIME! ON TEE 
IGNITION DELAY CURVES.
The effect of the machined rough surface on the evaporation lifetimes
of n-Heptane drops has been described and summarised in section 4.4*2.3*
A comparison is now made between the ignition delay curves for n-Heptane 
drops on a machined rough surface, shown in Fig*4—5* and the ignition 
delay curves on a polished surface > shown in Fig. 4-1 and described in 
section 4*4.3*1 above.
(a) THE IGNITION DELAY .CURVE AT ATMOSPHERIC PRESSURE.
The effect of a decreased evaporation lifetime causes a marked decrease 
of ignition delay with practically no change in the very high Minimum 
Ignition Temperature* Comparing the ignition delays of Fig.4-5 with 
the evaporation lifetime curve obtained with the machined rough surface, 
shown in Fig.3-9 of chapter 3» it is important to note that ignition 
still takes place just before the complete evaporation of a drop.
(b) IGNITION DELAY CURVES FOR PRESSURES OF 20.50.100 and 250 lbf/in2GAIJGS 
Considering surface temperatures higher than 3Q0°C and compared with
the ignition delays of Fig.4-1 at comparable surface temperatures, the 
effect of decreased evaporation lifetimes on the ignition delays of Fig.
4-6 is negligible for the pressures of 100 and 250 lbf/in gauge; for the
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2pressure of 20 lbf/in gauge, the effect is to cause a marked decrease 
of ignition delay, but only in the temperature range between approxim­
ately 300°C and 420°C, having a negligible effect at higher surface 
temperatures; for the pressure of 50 lbf/in gauge, the effect is to 
cause a small decrease of ignition delay in the temperature range 
between approximately 320°C and 400°C and an increase of ignition delay 
at higher surface temperatures. Compare this with the marked and 
general decrease of ignition delays of n-Hexadecane drops in the 
spheroidal evaporation range caused by the shorter evaporation lifetimes, 
described in section 4.4.2.3(h) above.
Below a surface temperature of 300°C, the effect of the decreased 
lifetimes on the ignition delay, compared with the ignition delays of 
Fig.4-1, is to cause a general increase of ignition delay; this is 
contrary to the behaviour of n-Hexadecane, as described in section 
4.4.2.3(h). A marked increase of the Minimum Ignition Temperatures 
occurs also in a temperature region where chemical factors are important.
(c) IGNITION DELAY CURVES FOR PRESSURES OF 500.750 and 1000 lbf/in2GAUGE. 
Considering surface temperatures higher than J>6Q°C, the effect of 
decreased evaporation lifetimes on the ignition delays is negligible. 
Compare this with the marked decrease of ignition delays of n-Hexadecane 
drops at these temperatures and pressures caused hy shorter evaporation 
lifetimes, described in section 4.4.2.3.(c) ahove.
Below a surface temperature of 360°C, the effect of the decreased 
evaporation lifetimes causes a progressive and marked increase of 
ignition delays (as with n-Hexadecane at these temperatures and in this 
pressure range). The Minimum Ignition Temperatures shown are also 
higher than those shown in Fig.4—1, in a region where chemical factors 
are important.
4.4.4. THE IGNITION DELAY CURVES FOR 2.2.4 - TRIMETHZLPENTANB DROPS ON 
A SURFACE
The ignition delay curves obtained for 2,2,4 - Trimethylpentane drops on 
a polished surface are shown in Fig.4-3* These curves will he compared
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with the ignition delay curves obtained for n-Heptane drops in the same 
surface and diown in Fig.4—1 • The reason for this procedure is as 
follows.
r
All the physical properties of n-Heptane and 2,2,4 - Trimethylpentane 
are almost identical; the molecular diffusion coefficients of the two 
fuels are also almost identical. Consequently, the evaporation life­
times of drops of the two fuels, at comparable surface temperatures and 
pressures, will be almost identical.
Therefore, the differences of ignition delay between n-Heptane and
2,2,4 - Trimethylpentane, at comparable surface temperatures and 
pressures, must be due in part to chemical factors.
On first comparison between the ignition delay curves of 2,2,4 - 
Trimethylpentane and nr*Heptane, Figs.4-3 and 4-1 respectively, the 
immediate conclusion to be made is that the ignition delay of 2,2,4 - 
Trimethylpentane is very much more^pressure sensitive than the 
ignition delay of n-Heptane.
4.4.4.1. THE EFFECT OF PRESSURE OH THE IGNITION DELAY CURVES
(a) THE IGNITION DELAY CURVE AT ATMOSPHERIC PRESSURE.
Comparing Figs.4-3 and 4-1, the characteristics of the ignition delay 
curve obtained for 2,2,4 - Trimethylpentane, Fig.4-3» are similar to 
the ignition delay curve obtained for n-Heptane. The Minimum 
Ignition Temperatures of both fuels are almost identical also. However, 
one difference exists, as follows.
The ignition delay of 2,2,4 - Trimethylpentane is approximately twice 
that of n-Heptane at comparable surface temperatures. Because of 
this, ignition of 2,2,4 - Trimethylpentane takes place after the drop 
has completely evaporated (Refer to Fig.3-1 of chapter 3 for the 
evaporation lifetimes — assumed to be the same for n-Heptane and 2,2,4 — 
Trimethylpentane) •
(b) IGNITION DELAY CURVES FOR PRESSURES OF 20.50.100 and 250 lbf/in2GAUGB 
The ignition delay curves of 2,2,4 - Trimethylpentane clearly show
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ignition delays of very much greater magnitude than shown for n-Heptane, 
at comparable surface temperatures and pressures* The important fact 
to note from the comparison is that as the pressure is increased, the 
magnitude of the difference between the ignition delays of the two 
fuels becomes less*
(c) IGNITION DELAY CURVES FOR PRESSURES OF 500,750 and 1000 Ibf/in2GATJGE. 
Comparing the ignition delay curves of Figs. 4-3 and 4-1, it is apparent 
that though the ignition delay of 2,2,4 - Trimethylpentane is generally 
longer than that of n-Heptane, at comparable surface temperatures, the 
difference becomes progressively less with increasing temperature. At 
surface temperatures of 380°C and higher, the ignition delays of the 
two fuels are now very nearly the same; in addition, the temperatures 
corresponding to the minimum ignition delay on a surface (ignition 
occurring during the drop fall at higher temperatures) are also close. 
The comparison clearly signifies that the ignition characteristics of 
the two fuels are similar at high temperatures and at pressures above 
the critical pressure of the fuels.
It is evident from Fig.4-3 that the Minimum Ignition Temperatures of
2,2,4 - Trimethylpentane are a strong function of pressure. As the 
reported S.I.T. of 2,2,4 - Trimethylpentane is ky+°C at atmospheric 
pressure (55)» it is clear that the S.I.T* of the fuel is a strong 
function of pressure.
4.4.5. THE IGNITION DELAY CURVES FOR q-METHMAFHTEAIiENE DROPS ON A 
SURFACE
The required curves are those of Fig.4-4, showing the ignition delay 
curves obtained for a-Methylnaphthalene drops on a surface, and these 
of Fig. 3-3 of chapter 3 > showing the evaporation lifetime curves 
obtained for a-Methylnaphthalene drops on the same surface.
The ignition delay curves of Fig.4-4 show? within the range of pressures 
and surface temperatures used (where the maximum temperature is 5 18 °c ), 
that ignition does not take place at pressures below 100 lbf/in gauge.
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4.4.5.1. THE EFFECT OF PRESSURE ON THE IGNITION DELAY- CURVES.
In Pig.4-4, two curves are shown below the critical pressure and two 
curves are shown above the critical pressure. The analysis continues 
with Fig.4-4, using the respective evaporation lifetime curves of Pig.3-3*
(a) IGNITION DELAY CURVES FOR PRESSURES OF 250 and 500 lbf/in2GAUGE 
The two curves are for pressures below the critical pressure, when 
spheroidal evaporation exists.
Two experimental points are shown in Fig.4-4, unconnected, for the lower 
pressure. Ignition at the lower surface temperature occurs in the 
Maximum Evaporation Rate Range, whereas that at the higher surface 
temperature occurs in spheroidal evaporation; no ignition occurs at 
intermediate surface temperatures. The ignition delay curve for the 
higher pressure reflects slightly the influence of the decreased 
evaporation lifetime in the Maximum Evaporation Rate Range for this 
pressurej i.e., at about 490°C.
(b) IGNITION DELAY CURVES FOR PRESSURES OF 750 and 1000 lbf/in2GAUGE 
The two curves are for pressures above the critical, when only true 
contact evaporation exists.
It is important to note two observations. First is that ignition 
generally takes place just before the complete evaporation of the drop 
at all pressures and temperatures shown in Fig.4-4. Second, the 
Minimum Ignition Temperatures shown in Fig.4-4 are evidently a strong 
function of pressure. As the reported S.I.T* of a-Methylnaphthalene 
is 566°C at atmospheric pressure (46), it is clear that the S.I.T. of 
the fuel is also a strong function of pressure.
4.5. THEORETICAL DISCUSSION OF THE SPONTANEOUS IGNITION AND IGNITION 
DELAY OF A LIQUID FUEL DROP ON A SURFACE.
4.5.1. INTRODUCTORY DISCUSSION
In section 1.3 of chapter 1, the processes leading to the ignition of a 
fuel drop were considered generally, without reference to any specific 
combustion system. It was said there that the ignition delay #f a fuel 
dr#p might be expressed as some function of the following time and
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temperature dependent 'variables s-
1 • Heating up time of the liquid drop,
2. Diffusive and convective flow of vapour from the drop surface.
3. Chemical Delay.
In order to illustrate the relationship of these factors to the 
surrounding air temperature,first the simplest case for analysis is 
considered, viz., the ignition of a suspended drop in stagnant air.
A very reasonable assumption is that the transient diffusive and 
convective flow of vapour from the drop surface is related to the 
evaporation lifetime of the drop. The heating up time of the liquid 
drop, from one specified temperature to another,and the evaporation 
lifetime of a suspended drop decrease, with increasing air temperature, 
according to established logarithmic laws (27)(20). The chemical
delay also decreases, with increasing air temperature, according to 
another established logarithmic law. Hence, the ignition delay of a 
suspended drop must decrease continuously with increasing air temper­
ature, according to some complex logarithmic relationship.
Consider now the ignition delay of a fuel drop on a heated 
surface. The evaporation lifetime curves given in chapter 3 show that 
the relationship between the evaporation lifetime and surface temperature 
is complex. The following may be deduced from the experimental and 
theoretical work of chapter 3  s -
(i) In the true contact and spheroidal evaporation ranges (below the 
critical pressure of the liquid), the evaporation lifetime decreases 
continuously with surface temperature according to an approximate 
logarithmic relationship.
(ii) At surface temperatures between the true contact and spheroidal 
evaporation ranges (below the critical pressure of the liquid), no 
definite logarithmic relationship exists between the evaporation life­
time and surface temperature; also, the evaporation lifetimes decrease
and then increase with increasing surface temperature.
(iii) At pressures above the critical pressure of the liquid and at 
surface temperatures below the critioal temperature of the liquid, the 
evaporation lifetime decreases continuously with surface temperature 
according to an approximate logarithmic relationship; at these pressures 
and at surface temperatures above the critical temperature of the liquid, 
the evaporation lifetimes are independent of both temperature and 
pressure.
In addition, it is possible to have drop shapes which are variable within 
quite narrow temperature limits, especially in the Maximum Evaporation 
Hate Ranges. It is even possible to have identical evaporation lifetimes 
at three different surface temperatures, one in true contact evaporation, 
one in spheroidal evaporation, and one in the transition from evaporation 
in the Maximum Evaporation Rate Range to spheroidal evaporation. Con­
sequently, the physical factors in the ignition delay of a drop on a 
surface cannot have a simple logarithmic relationship with temperature 
(as they do have for a suspended drop).
The value of the present work lies in the fact that the strong influence 
of physical factors in ignition delay is immediately evident from the 
turning points and inflexions existing in the ignition delay curves 
(conversely^ the influence of physical factors in ignition delay is 
not evident from the ignition delay curves of a suspended drop). The 
results of the present work point at the error in correlating experimental 
ignition delays with temperature and pressure using a chemical delay 
equation such as equation (t-2) of chapter 1, viz.
T0 = A' ebA  p-a ........................................ (+-1)
where n is approximately 1 • Equation (4-1) has no place in ignition 
delay except in its rightful role of predicting the chemical delay.
4.5.2. INFLUENCE OF THE PHYSICAL FACTORS ON THE IGNITION DEMT
The influence of the important physical factors on ignition delay can be
simply ascertained by comparing the ignition delay curves with the
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respective evaporation lifetime curves for the fuel. As described in 
section 1.5 of chapter 1, the heating up time and the .transient diffusive 
and convective flow of vapour from a drop surface are directly related 
to the evaporation lifetime of the drop on a surface. Therefore, when 
an ignition delay curve follows the curvature of the respective evapor- 
ati®n lifetime curve it may be concluded that physical factors are of 
importance; when the ignition delay curve deviates considerably from the 
respective evaporation lifetime curve it may be concluded that chemical 
factors are of importance. But in addition, it is necessary also to 
consider a unique physical factor which exists in the ignition delay of 
a fuel drop on a surface.
When conducting the evaporation tests on surfaces exposed to the 
atmosphere, it was noticed that there was an audible hiss when a falling 
drop made initial contact with the surface. The duration of the hiss 
was variable, being for the full evaporation lifetime in the Maximum 
Evaporation Rate Range and short in the spheroidal evaporation range.
In the spheroidal evaporation range, the short duration hiss heard when 
a drop made initial contact with a surface is clearly local boiling 
prior to the establishment of spheroidal evaporation. A small quantity 
of vapour, at a temperature at least equal to the saturation temperature, 
is injected into the oxidant instantaneously and independent of the 
slower physical processes described by 1 and 2 of section 4.5«1 above. 
This puff of vapour can influence the ignition delay of drops on a 
hot surface in one of four ways.
(i) The puff of vapour injected into the oxidant is sufficiait for 
a reaction to commence and accelerate to ignition, surviving the 
diluting effect of the diffusion mechanism.
(ii) The puff of vapour injected into the oxidant is sufficient for a 
reaction to commence but is insufficient for it to accelerate to 
ignition . However, the active centres produced are nucleii for 
initiating an earlier reaction in the vapour subsequently diffusing 
from the drop.
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(iii) The puff of vapour injected into the oxidant is sufficient for a 
reaction to commence hut is insufficient for it to .accelerate 
to ignition. However, the reaction consumes some of the oxygen 
in the vicinity of the drop so delaying a reaction in the vapour 
subsequently diffusing from the drop.
(iv) The puff of vapour is diluted too rapidly by the diffusion
mechanism for it to have any influence on the subsequent ignition 
of the drop.
It is suggested that any small deviation in the shape of an ignition 
delay curve from its respective evaporation lifetime curve is due to 
the influence of this puff of vapour (as described in (i),(ii) and (iii) 
above); its influence can only be noticeable in an ignition delay curve 
when physical factors are important. The influence of the puff of 
vapour,as described in (i) or (ii) above, may be seen in Fig.4-7.
Examining Fig.4-7, the increase of ignition delay, from 0*14 s at rd! to 
0*6 s at *gT, is obviously caused by an increase of evaporation life­
time, from 0*4 s at *dr to 4*1 s at fgf. The influence of the puff 
of vapour is almost certainly present at ff*, where a minimum ignition 
delay of 0*13 s is obtained for the comparatively long evaporation 
lifetime of 3*2 s. It is also probable that the unexpected increase 
of ignition delay with increasing surface temperature in the spheroidal 
evaporation range is due to a decreasing influence of the puff of 
vapour.
4.5-3. THEORETICAL CONSIDERATIONS OF THE SPONTANEOUS IGNITION MD 
IGHITIOH DELAY OF A FUEL DROP.
The discussion of sections 4.5*1 and 4*5*2 above show that the physical
factors in the ignition delay of a fuel drop on a surface are extremely
complex. In the present section, a new concept is introduced which
furthers an understanding of the spontaneous ignition and the ignition
delay of a fuel drop.
Consider an evaporating drop in an infinite, hot* stagnant oxidant (the
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liquid temperature may be steady or transient). A vapour boundary 
layer exists adjacent to the phase boundary in which the flow is 
laminar* It was also shown in chapter 3 that in true contact evapor­
ation of a drop on a surface, outside the vapour boundary layer the 
flow is mildly turbulent. In general this situation may be assumed 
to exist in all forms of droplet evaporation. Thus two reaction zones 
are generally available for ignition during evaporation of a drop. The 
first zone is a very narrow one in the vapour boundary layer in which 
the diffusive velocity and acceleration of the vapour (relative to the 
oxidant) is high (see Appendix Vi). The second zone is in the much 
larger mildly turbulent region outside the boundary layer. In this 
zone, it is justifiable to assume that macroscopic pockets of fuel/ 
oxidant mixture exist; the puff of vapour produced when a drop initially 
contacts a surface is one such pocket. These pockets of fuel/oxidant 
mixture are diluted by a binary diffusion process.
It is proposed that spontaneous ignition of a fuel/oxidant mixture will 
take place when and where three conditions are simultaneously satisfied 
and also that the ignition delay will depend on how rapidly these three 
conditions are simultaneously satisfied. The three conditions for 
ignition are now defined.
When molecules of fuel vapour diffuse from regions of high concen­
tration to regions of low concentration in an oxidant whose 
temperature is above the S.I.T. of the fuel, a reaction will 
commence and accelerate to ignition when and where,
1 .The concentration of fuel molecules in the oxidant lies in a 
gradient between the boundaries of the lean limit of flammability 
and a richer mixture.
2*The temperature of the richer mixture is above the S.I.T. of the 
fuel. (The reaction commences at the richer mixture).
3.The chemical delay is shorter than the time taken for the reacting 
fuel molecules to diffuse from the richer mixture to the lean limit 
of flammability.
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In the present work, it is assumed that ignition takes place in concentrat­
ions of fuel/oxidant mixture between the rich and lean limits of flammability. 
Consequently, from 3 above it is clear that if ignition is to take place, the 
chemical delay must be equal to or shorter than the time taken for the fuel 
vapour to diffuse from the zone of the rich limit of flammability to the zone 
of the lean limit of flammability. It is also seen that, in the limit, when 
the richest mixture available is a lean limit of flammability mixture, ignition 
can only take place when the chemical delay is zero.
4.5*4. THE ROLE OF THE DIFFUSION MECHANISM IN THE IGNITION OF A FUEL DROP.
The diffusion mechanism may be considered to be one of the most important 
physical processes in the ignition of a fuel drop. The action of the 
diffusion mechanism may be summarised as follows
If a single fuel drop is introduced into an infinite, hot oxidant, the 
action of the diffusion mechanism is always to dilute any concentration 
of vapour/oxidant mixture produced by the evaporation process. If a 
single fuel drop is introduced into a finite volume of hot oxidant, or 
if two or more adjacent fuel drops are introduced into an infinite hot 
oxidant, the action of the diffusion mechanism is always to dilute, ' 
adjacent to the phase boundaries and to strengthen, elsewhere, any 
concentration of vapour/oxidant mixture produced by the evaporation 
process.
Neglecting the action of the diffusion mechanism when a plurality of fuel 
drops is present in an oxidant (this being outside the scope of the present 
work), then its action during the evaporation of drops on a surface in the 
chamber (of finite volume), prior to ignition, may be either to dilute a 
mixture in which a reaction has commenced, so quenching it, or to enrichen 
a mixture to a concentration at which a reaction can commence.
It is proposed now to discuss two. important aspects of the diffusion mechanism 
in connection with the ignition delays of the present work, as follows s -
(i) The first and most important aspect is the influence of pressure on the 
diffusion process.
The fundamental laws of diffusion are studied in detail in Appendix VI.
mThere it is shown that the diffusive velocity of one component gas through 
the other is proportional to the molecular diffusion coefficient, D. Also, 
molecular theory predicts that the diffusion coefficient is reduced by 
pressure, i.e., D a  Vp. (The work of chapter 3 finds this to be true for 
reduced pressures, ^pc, less than one half). Now, if the chemical delay 
equation is examined, given by equation (4-1) of section 4*5 «1 and
assuming that n a= 1, then kinetic theory predicts that the chemical delay is 
reduced by pressure, i.e,, tc a Vp. Therefore, the influence of pressure 
on the diffusive velocity and on the chemical delay is the same.
Referring now to condition 3 of section 4.5«3« > the conclusion is that it 
may not be possible to ascertain whether a reduction of ignition delay with 
increasing pressure is due to a decrease of chemical delay or a decrease of 
diffusive velocity.
(ii) The second important aspect is that if two fuel vapour/air mixtures 
are considered at the same temperature and pressure, the molecular diffusion 
coefficient of one mixture being smaller than that of the other mixture, 
then the diffusion mechanism of the mixture with the smaller diffusion co­
efficient will be slower. The effect of a slower diffusion mechanism on 
the ignition delay is shown by two brief examples.
The first example considers a situation where vapour is present in an 
oxidant in a steep concentration gradient; the limits of flammability are, 
consequently, narrow in dimension. Here is a situation where a slower 
diffusion mechanism allows fuel molecules a longer residence time in an 
unfavourable (thin) reaction zone and ignition may take place. As an 
unfavourable (thin) reaction zone usually precedes in time a more favourable 
(thick) reaction zone, with a less steep concentration gradient, the ignition 
delay in the former case will be shorter* The second example considers a 
situation where vapour of high concentration flows from a phase boundary; 
heavy dilution of the vapour is required to produce an ignitable concentration. 
(Spheroidal evaporation is an example of this situation because vapour flows 
from the seat at the saturated vapour pressure). In this situation, the ignit­
ion delay may be longer when the diffusion mechanism is slower.
I
I
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4.6 DISCUSSION OF RESULTS
4.6.1. GENERAL INTRODUCTION
The broad form of the discussion which follows is summarised by 1,2, and 3> 
below.
1. The Spontaneous Ignition Temperatures reported for n-Heptane and n-Hexa­
decane, at atmospheric pressure, are 230° C and 235°C, respectively. It was 
shown in the analysis of section 4.4 that, except at atmospheric pressure, 
the Minimum Ignition Temperatures obtained for these two fuels are very 
similar to the above Spontaneous Ignition Temperatures. In the present 
work it will be assumed that the chemical characteristics of a fuel affecting 
its ignition are reflected in its S.I.T.; thus the S.I.T. is a guide to the 
chemical 'reactivity' of the fuel. It therefore follows that the influence 
of chemical factors on the ignition delay of n-Heptane and n-Hexadecane is 
similar at any given temperature and pressure. For these two fuels in 
particular, an added favour to the assumption is that both fuels have chain 
molecules and, therefore, the method and speed with which the oxidant 
'attacks1 the fuel molecules should be similar.
Therefore, the discussion of the ignition delay curves obtained for these two 
fuels will be mainly concerned with physical factors and the influence of 
physical factors on ignition and on the ignition delay.
2. The physical properties of 2,2,4-Trimethylpentane and n-Heptane are 
similar. It was shown in the analysis of section 4.4. that whereas the 
Minimum Ignition Temperatures obtained for n-Heptane are a weak function of 
pressure, the Minimum Ignition Temperatures obtained for 2,2,4-Trimethylpen­
tane are a strong function of pressure. Therefore, the discussion of the 
ignition delay curves obtained for these two fuels will be concerned with 
the influence of both physical and chemical factors on ignition and ignition 
delay.
3. It is clear from the analysis of section 4.4 that the ignition delay 
curves obtained for a-methylnaphthalene cannot be usefully compared with 
the ignition delay curves obtained for the other three fuels; the curves 
are in isolation regarding both physical and chemical factors.
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4*6.2, DISCUSSION OF THE IGNITION DELAY CURVES OF n-HEPTME AND n-HEXADECANE
4,6.2.1. THE PHYSICAL PROPERTIES CF n~HEPTANE and n-HBXADBCANE AND THEIR 
INFLUENCE ON IGNITION DELAY
Comparing the ignition delay curves obtained for n-Heptane and n-Hexadecane 
on the same surface, thus comparing Figs.4-1 or 4-5 (for n-Heptane) with 
Figs. 4-2 or 4-6 (for n-Hexadecane) respectively, it is evident that the 
ignition delays of n-Hexadecane are shorter than those of n-Heptane at the 
high pressures (above the critical) associated with combustion in a diesel 
engine. An explanation of this phenomenon and further discussion of the 
ignition delay curves of the present work cannot satisfactorily proceed 
unless the physical differences between the two fuels, n-Heptane and n-Hexa­
decane, are discussed. Indeed, by always considering the physical properties 
of a fuel first, in conjunction with the mode of evaporation, an understanding 
of ignition delay phenomena is facilitated. The following discussion will 
use the terms Advantage1 and T disadvantage1 when speaking of some physical 
property of one or the other fuel, in relation to the rapid simultaneous 
satisfaction of the three conditions for ignition, defined by 1,2 and 3 of 
section 4.5*3.
The first stage of the discussion is to consider the vapour phase. An 
examination of the saturated vapour pressure vs. temperature curves for the 
two fuels (46) reveals a fact of the utmost importance. The fact is th&t 
it is perfectly feasible for ignition to take place in the close vicinity of 
a n-Hexadecane drop but impossible for it to take place in the close vicinity 
of a n-Heptane drop. A simple example will clarify the statement.
For the example, the S.I.T. values previously reported at atmospheric pressure
for n-Heptane and n-Hexadecane, i.e., 230°C and 235°0 respectively, are used
as the minimum temperatures at which a chemical reaction can commence and
accelerate to ignition at all pressures. The partial vapour pressure of n- 
o 2Hexadecane at 235 C is 4.0 lbf/in . abs and the partial vapour pressure of 
n-Heptane at 230°C is 230 lbf/in .abs. It can be shown that when the air 
temperature is at the respective S.I.T. also, an ignitable stoichiometric 
mixture will exist at the phase boundary of a n-Hexadecane drop when the air 
pressure is 370 lbf/in . abs., and that for an ignitable stoichiometric 
mixture to exist at the phase boundary of a n-Heptane drop will require an
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2air pressure of 13 400 lbf/in .abs. (the latter pressure is regarded as imposs­
ible in a combustion chamber).
The importance of the above example is that it serves to bring.to attention 
the fact that low boiling point fuels, e.g. n-Heptane, have a distinct 
physical disadvantage to high boiling point fuels, e.g. n-Hexadecane. The 
disadvantage is that the conditionsibr ignition given by 1 and 2 of section 
4.5*3> concerning concentration and temperature, can never be simultaneously 
satisfied in the close vicinity of an evaporating drop. In consequence, it 
is possible to state that the ignition of low boiling point fuels is always 
dependent on the diffusion mechanism; often, but not always, the ignition of 
low boiling point fuels is also dependent on the heat transfer from 
oxidant to the vapour (the exception for n-Heptane, for example, is when the/ 
temperatures are in a limited range between the S.I.T. and the critical 
temperature, viz, 267°C. )
Considering again the above example and bringing the liquid phase into the
discussion, when a n-Hexadecane drop of initial liquid temperature 235°C is
o 2introduced into air at 235 C and at a pressure of 370 lbf/in .abs., conditions
1 and 2 of section 4.5*3t concerning concentration and temperature, are
simultaneously and instantaneously satisfied. Consequently, the physical
delay in the ignition delay of the n-Hexadecane drop under these specified
conditions is zero.
There are two important points to note from the aforegoing discussion , as 
follows:-
(i) The concept of physical delay is useful but has its limitations.
Physical delay can only be defined as the time required to simultaneously 
satisfy two of the three necessary conditions for ignition, viz., concentrat­
ion and temperature. The point to note is that the instantaneous existence 
of an ignitable stoichiometric mixture at the phase boundary of a drop means 
that the physical delay is zero. However, spontaneous ignition can take 
place there only when the chemical delay is zero (see condition 3 of section 
4.5.3); always three conditions must be simultaneously satisfied before
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spontaneous ignition can take place in a dynamic system. Clearly, the 
general concept of physical delay excludes the influence of one important 
physical factor, viz., the diffusive flow of vapour during the chemical 
delay.
(ii) Noting the limitations, the concept of physical delay is accepted, as 
defined in (i) above*for convenience. The example quoted above illustrates 
the fact that the physical delay of n-Hexadecane is zero at the given con­
ditions. But there is, in fact, a range of conditions in which the physical 
delay of n-Hexadecane will still be zero. Thus, the conditions for ignition 
given by 1 and 2 of section 4*5.3* concerning concentration and temperature, 
are satisfied when any mixture concentration from the rich to the lean limit 
of flammability exists at a temperature above the S.I.T. Also the present 
work finds that the S.I.T. of n-Hexadecane at elevated pressures is slightly 
less than it is at atmospheric pressure; i.e., at elevated pressures it is 
less than 235° C. Consequently, it is now possible to defin© the conditions 
in which the physical delay of a n-Hexadecane drop in air is zero, i.e., 
when an ignitable mixture instantaneously exists at the phase boundary, as 
follows.
The physical delay of a n-Hexadecane drop is zero when the drop is instant­
aneously introduced into a system containing air at any pressure above the 
critical of the fuel (206 lbf/in abs), with the initial liquid temperature 
of the drop in a limited range above and below 235°C, and with the air 
temperature as followss-
(a) if the air temperature is equal to the initial drop temperature 
(defined above), conditions for zero physical delay are always 
present.
(b) if the air temperature is above and outside the allowed limited 
range of initial drop temperatures* the physical delay is 
instantaneously zero but the necessary condition of concentration 
a.t the phase boundary ceases to be satisfied as the liquid 
temperature rises.
It is clear that if the limits of flammability of n-Hexadecane at pressures
above the critical of the fuel were known precisely, it would be possible to 
specify precisely the conditions when the physical delay ms zero.
To summarise the discussion of the present section, the advantage of high 
boiling point fuels, e.g. n-Hexadecane, is that they can be made to satisfy 
two necessary conditions for ignition instantaneously, i.e., concentration 
and temperature, when the physical delay becomes zero. The disadvantage 
of low boiling point fuels, e.g., n-Heptane, is that they are able to 
satisfy only one condition instantaneously, i.e, concentration or temperature 
(but not both simultaneously), and then rely on the diffusion mechanism and 
heat transfer from the oxidant to satisfy the remaining two conditions fcr 
ignition.
The disadvantage usually associated with high boiling point fuels,as compared 
with low boiling point fuels, is a long liquid heating up time when the 
initial drop temperature is low; this disadvantage has been rightly concluded 
in other investigations to be responsible for the longer ignition delays of 
such fuels (9) • It is the intention of the present work to deliberately 
stress instead the advantages of high boiling point fuels, especially at 
elevated pressures and tohen the initial drop temperatures are high. This is 
to place the significance of the physical properties of such fuels into proper 
perspective as far as the spontaneous ignition and ignition delay of fuel 
drops are concerned.
The discussion reiterates the fact that by always considering the physical 
properties of the fuel first, in conjunction with the mode of evaporation, an 
understanding of ignition delay phenomena is facilitated. For example, in 
the present work the heating up time of a liquid drop on the machined rough 
surface is undoubtedly very short. According to the above analysis it is 
therefore not unexpected that the ignition delay curves obtained for n-Heptane 
and n-Hexadecane on this surface, Figs. 4-5 and 4-6 respectively, show the 
ignition delays of n-Hexadecane to be generally shorter than those of n- 
Heptane. Again, it could be expected that the ignition delays of n- 
Hexadecane will be shorter than those of n-Heptane in a diesel engine 
combustion chamber when the temperature of the fuel is high prior to injection 
this follows from (ii) above.
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4*6.2.2. THE TRANSITION FROM IGNITION DELAYS DETERMINED BI CHEMICAL FACTORS 
TO IGNITION DELAYS DETERMINED BY PHYSICAL FACTORS
The present work shows that the influence of the evaporation lifetime of a
drop on its ignition delay is considerable. It follows that physical
factors are very important in ignition delay; so much, in fact, that
ignition delays can increase with increasing temperature, as the ignition
delay curves show.
In section 1.5 of chapter 1, Jost was quoted as saying that in the borderline 
cases of low temperature the ignition delay will be determined by chemical 
factors alone. The problem now is to determine, from the ignition delay 
curves obtained in the present investigation, the surface temperatures at 
which the influence of chemical and physical factors are approximately equal 
in their influence on ignition delay. These temperatures are defined in the 
present work as Transition Temperatures.
Refer to Fig.4-2, the ignition delay curves obtained for n-Hexadecane on the 
polished surface. Examining the ignition delay curves obtained for the low 
pressures of atmospheric and 20 lbf/in gauge, these two ignition delay 
curves have a comparatively small slope above a surface temperature of 300°C; 
this means that physical factors are beginning to exert their influence on 
the ignition delay. At 320°0, the atmospheric pressure curve exhibits a 
turning point; this means that physical factors are now strong. At high 
pressures the minimum temperatures at which physical factors are strong in 
their influence on ignition delay are not so evident from a visual examinat­
ion of Fig,4-2. In order to show these it is necessary to plot the ignition 
delay curves using a chemical delay equation, and then observe from this plot 
the deviation of the ignition delay when chemical factors are no longer of 
importance. Fig.4-8 shows the ignition delay curves of Fig.4-2, for 
pressures above the critical of n-Hexadecane, plotted on a scale, log^t v s . 
1/ts; this is the usual plot for a chemically controlled reaction, when a 
straight line relationship is obtained. Fig.4-8 clearly shows the Transition 
Temperatures for these pressures to be of the order of 300~32Q°C. Noting 
that the S.I.T. of this fuel is 235°C at atmospheric pressure, it may be 
concluded that the Transition Temperatures are of the order of 90-110 deg.C
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above this S.I.T., at low pressures, and of the order of 70-90 deg C above 
this S.I.T. at high pressures. Noting that the S.I.T. of n-Heptane is 
230°C at atmospheric pressure, the same conclusion may be reached from an 
examination of the ignition delay curves obtained for this fuel on the 
polished surface (Fig.4-1).
If now consideration is paid to the fact that the Minimum Ignition Temperatures 
obtained for n-Hexadecane, shown in Fig.4-1, show the S.I.T. to be weakly 
dependent on pressure, i.e., at high pressures the S.I.T. is slightly less 
than at atmospheric pressure, the important general conclusion can be made 
that the Transition Temperature of n-Heptane and n-Hexadecane is, at any 
given pressure, approximately 100 deg. C above the S.IiT. at that pressure.
4.6.2.3. THE INFLUENCE OF DECREASED EVAPORATION LIFETIME OF A DROP ON A 
SUBFACE ON ITS IGNITION DELAY.
The subsidiary ignition delay tests, carried out using a machined rough
surface in the chamber, are most useful in determining the influence of
evaporation lifetime on the ignition delay of fuel drops on a surface. It is
important to note that the maohined rough surface not only decreases the
evaporation lifetime, so increasing the rate of evaporation, but also decreases
the heating up time of the liquid drop.
The fuels used for the drops were n-Heptane and n-Hexadecane and the ignition
delay curves obtained on the machined rough surface are shown in Figs. 4-5 
and 4-6, respectively* In the analysis of the ignition delay curves of 
section 4.4*, a comparison is made between Figs 4-1 and 4-5 for n-Heptane,
described in section 4.4*3*2, and between Figs. 4-2 and 4-6 for n-Hexadecane,
described in section 4*4*2.3*, where Figs. 4-1 and 4-2 are the ignition 
delay curves obtained on the polished surface.
It is shown in the analysis of section 4-4 that the effect of the decreased 
evaporation lifetimes on the machined rough surface causes marked changes in 
the magnitudes of the ignition delay of drops, as compared with the ignition 
delay obtained on the polished surface at comparable surface temperatures 
and pressures. Broadly speaking, the effect of decreased evaporation life­
times causes decreases in ignition delay, at surface temperatures above the
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Transition Temperatures, and causes increases in ignition delay at surface 
temperatures below the Transition Temperatures. The magnitudes of change 
of ignition delay are now discussed.
At high surface temperatures, above the Transition Temperatures,.the most 
apparent effect of decreased evaporation lifetimes on the ignition delay of 
n-Heptane and n-Hexadecane is that, in general, it causes the ignition delay 
of n-Hexadecane to be greatly reduced, whereas it causes the ignition delay 
of n-Heptane to be but slightly reduced (or not at all). This aspect is 
clearly demonstrated by n-Hexadecane at pressures above the critical where, 
as Figs. 4-2 and 4-6 show, a large decrease of ignition delay occurs; the 
ignition delay of n-leptane at these pressures, as Figs.4-1 and 4-5 show, 
changes very little. The explanation for the different behaviour of n- 
Heptane and n-Hexadecane on the two surfaces lies in the discussion of 
section 4.6.2.1 above. Briefly, the rapid simultaneous satisfaction of the 
conditions of ignition, given by 1 and 2 of section 4.5.3, is clearly not 
assisted for n-Heptane by an increased discharge of comparatively cold vapour 
or by a decreased heating up time of the liquid drop; conversely, the 
conditions now being discussed, i.e., above the critical pressure, are just 
the conditions discussed in section 4.6.2.1 as being most favourable to the 
ignition of n-Hexadecane.
At low surface temperatures, below the Transition Temperatures, the ignition 
delay is comparatively long and chemical factors are important. A comparison 
between Figs. 4-1 and 4-5, and Figs.4-2 and 4-6, shows that even in a temper­
ature region where chemical factors are important, the Minimum Ignition 
Temperatures and ignition delays are influenced by decreased evaporation 
lifetimes.
4.6.2.4* THE DEGREE OF DOMINANCE OF PHYSICAL FACTORS OVER CHEMICAL FACTORS 
IN THE IGNITION DELAY OF A FUEL DROP ON A SURFACE.
The degree of dominance of physical factors over chemical factors in the
ignition delay of a fuel drop on a surface can be simply obtained from a
comparison between the ignition delay on the polished surface and the
ignition delay on the machined rough surface, at identical temperatures
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and pressures. Clearly, the comparison yields only the relative dominance 
of physical factors; for example, if the ignition delay obtained on the 
machined rough surface is shorter than the ignition delay obtained on the 
polished surface, the relative dominance of physical factors in the ignition 
delay obtained on the polished surface is immediately evident. Now, for a 
limited but important range of temperatures and pressures, the absolute 
dominance of physical factors over chemical factors will be shown.
Consider the 1000 lbf/in gauge ignition delay curves for n-Hexadecane in 
Figs 4-2 and 4-6. At 450°C, the ignition delay is 8 ms on the polished 
surface and 2 ms on the machined rough surface. This indicates that the
major part of the delay on the polished surface is due to physical factors.
But how dominant, if at all, are the physical factors over chemical factors 
when the ignition delay is 2 ms? The question arises because the ignition
delay of 2 ms for a pure fuel drop has not been previously reported at the
comparatively low temperature of 450°C. It is possible that either the 
influence of physical factors is still large, and dominant, or that the 
influence of physical factors is now negligible. Within these wide limits 
of possibility, an answer is given by considering the results of the present 
work. First, it is necessary to explain that the only ignition delay curves 
of the present work which permit an estimation of the chemical delay to be 
made are those of n-Hexadecane on a polished surface and at high pressures.
The reason for this is as follows.
As described in section 4.6.2.3 above, the present work finds that the 
influence of physical factors is present in the ignition delays at all 
temperatures, including those below the Transition Temperatures where chemical 
factors are important. For example, the Minimum Ignition Temperatures are 
increased by a decreased evaporation lifetime. Strictly, it is therefore 
impossible to determine the chemical delay from an ignition delay curve; 
this is a general statement. However, by careful consideration of the 
physical situation, it is possible to select certain ignition delay curves 
that will yield an accurate prediction of chemical delay.
Compare the evaporation lifetime and ignition delay curves obtained for
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n-Hexadecane drops on a polished surface, Fig.3-2 of chapter 3 and Fig.4-2, 
respectively. It is apparent that at pressures above the critical of the 
fuel and at surface temperatures below the Transition Temperatures, the drop 
is in the true contact evaporation ranges and the evaporation lifetimes are 
long. Under these specified conditions of evaporation, the work of chapter 
3 finds that the temperature of the liquid, vapour, heating surface and air 
are all very similar. It is clear that when/cheating up time of the drop on
the surface is zero, these conditions of evaporation are also those given by
(ii)(a) of section 4.6.2.1, in which the requirements for zero physical delay 
are always satisfied and only condition 3 of section 4.5*3> concerning chemical 
delay and diffusion, remains to be satisfied. Now because of the high rate 
of heat transfer possible, the heating up time of liquid drops on a surface is 
probably very short. Consequently, the ignition delay curves obtained for 
n-Hexadecane on the polished surface, at pressures above the critical and in 
a limited range of surface temperatures above and below 235°C, approximate to 
the ideal situation in which physical factors have no influence on the 
ignition delay.
Fig.4-8 shows the high pressure ignition delay curves of Fig.4-2 plotted on a
scale log t vs 1/ts ; the pressures used are 250, 500, 750 and 1000 lbf/in^ e
gauge, all being above the critical pressure of n-Hexadecane. From the
slope and intercept of the linear part of the plot of log t vs. VlJL, thee
equation relating the ignition delay and temperature is given by,
Assuming the ignition delay and chemical delay to be the same, i.e., t - tc 
and noting that the air and heating surface temperature in the chamber is the
T (4-2)
same, i.e., T = T, equation (4-2) can be written as, s
(4-3)
Using equation (4-3)» the chemical delay can be calculated at a temperature 
of 450°C; the equation yields a delay of 0*16 ms at 450°C. The answer to 
the question posed earlier in this section can now be given.
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o 2At 450 C and at a pressure of 1000 lbf/in gauge, the ignition delay of n-
Hexadecane on the polished surface is 8 ms (from Fig. 4-2); the chemical delay
is 0*16 ms and the 1physical delay' is therefore 6*84 ms. Similarly, the
ignition delay of n-Hexadecane on the machined rough surface is 2 ms (from
Fig.4-6); the chemical delay is 0.16 ms and the 'physical delay* is therefore
1*84 ms. Therefore, physical factors are still dominant in the ignition
delay on the machined rough surface.
As equation (4-3) is applicable to four very different pressures,the present 
work finds that the chemical delay of n-Hexadecane is independent of pressure 
at pressures above the critical of the fuel (above 250 lbf/in gauge,strictly). 
The difference of ignition delay with pressure shown in Figs.4-2 and 4-6 at 
these four pressures, at any given surface temperature, must therefore be due 
to physical factors; one of these physical factors is that the drop temperature 
just before contact with the surface is an experimental variable with pressure 
(see Fig.III-2 of Appendix III). The order of activation energy shown
in Equation (4-3)» viz., 32*3 kg-cal per mol, is close to that for many 
chemical reactions, viz., between 35 and 40 kg-cal per mol.
In conclusion, it is important to note that the chemical delay cannot be 
obtained with accuracy from the ignition delay curves of n-Heptane (or any 
low boiling point fuel), at any pressure, because of the ever present influence 
of physical factors in ignition delay.
4.6.2.5. A DISCUSSION OF IGNITION AT HIGH TEMPERATURES AND PRESSURES.
The discussion of the previous section raises two very important points, 
directly related to the ignition delay in a diesel engine combustion chamber.
The minimum ignition delay obtained in the present work is 2 ms, at 450°C and 
1000 lbf/in gauge, being for n-Hexadecane on the machined rough surface; at 
these conditions of temperature and pressure, the chemical delay is estimated 
to be 0*16 ms. But the temperature of the air in a diesel engine combustion 
chamber at the start of injection is normally higher than 450°C; it is 
assumed that 60Q°C is a normal temperature. If it is assumed that the 
Arrhenius expression for macs reaction rate with temperature approximately
holds good for very high reaction rates, equation (4-3) predicts the chemical 
delay of n-Hexadecane to he 3*75 las at 600°C and at all pressures above the 
critical pressure of the fuel. The first important point to note is that 
even if this prediction of chemical delay is in error by as much as two orders 
of magnitude, the present work still seriously questions the validity of 
present day concepts of ignition in a diesel engine, where the chemical delay 
is considered to be of greater importance than the physical delay.
The second important point concerns the fact that the present work finds that 
physical factors dominate chemical factors in the ignition delays at temper­
atures above the Transition Temperatures. However, it is well known that 
the presence of additives, e.g., amyl nitrate, in a fuel reduces ignition 
delays considerably and it is generally held that the influence of an additive 
is chemical in nature. In the present work, the chemical delay has been 
shown to be negligible at high temperatures and pressures. Consequently, 
the action of an additive must be such that it has a considerable influence 
on physical factors. There is only one chemical factor that can influence 
physical factors considerably in ignition delay, viz., limits of flammability. 
It is therefore suggested that the action of additives that considerably 
reduce ignition delay is to widen the limits of flammability (in concentration) 
of a fuel.
4.6.2.6. THE IGNITION PROCESS OF n-HEPTANE AND n-HBXADECANE AT ATMOSPHERIC 
PRESSURE.
The ignition delay curves obtained for n-Heptane and n-Hexadecane, Figs.4-1 
and 4-2 respectively, show that ignition at atmospheric pressure takes place 
when the drop has almost completely evaporated. The mass of liquid 
evaporated from a n-Hexadecane drop before ignition takes place is described 
in section 4.4.2.2(a). As described in the analysis of section 4.4.> the 
ignition process at atmospheric pressure is clearly different to that at 
elevated pressure (above 20 lbf/in gauge). To discuss the reason for the 
difference, it is necessary to consider physical factors.
At this stage it is useful to the discussion to reiterate the fact that the 
present work uses the simultaneous satisfaction of three conditions for
ignition, given by 1,2 and 3 of section 4,5*3> as the criterion for ignition 
to take place. Previous investigators, in general, have used the simultan­
eous satisfaction of only two conditions for ignition, viz., conditions 1 and 
2, concerning concentration and temperature, as the criterion for ignition; 
the time taken to satisfy these two conditions simultaneously is the physical 
delay.
It is clear from saturated vapour pressure vs. temperature curves for liquid 
fuels that during the evaporation of a drop at atmospheric pressure (prior to 
ignition), the physical situation at the phase boundary of the drop is that 
the vapour temperature is low, whereas the vapour concentration is high. 
Therefore, without exception, the ignition of a fuel drop at atmospheric 
pressure is dependent on the diffusion mechanism; often, but not always, the
ignition of a fuel drop at atmospheric pressure is dependent on the heat
transfer from the air to the vapour. Now at atmospheric pressure, the rate 
of diffusion is high, and it may well be that conditions 1 and 2, concerning 
concentration and temperature, are simultaneously satisfied within a fairly 
short time, i.e., long before ignition takes place. But just as a high rate 
of diffusion is an asset to create an ignitable concentration, it is a dis­
advantage to the satisfaction of condition 3 for ignition, once an ignitable 
concentration exists. This aspect is of sufficient importance to warrant a
specific reiteration of condition 3 in this situation, as follows.
Condition 3 for ignition at atmospheric pressure is that the chemical delay 
must be Sorter than the time taken for fuel molecules t# diffuse from a
concentration at the rich limit of flammability to a concentration at the 
lean limit of flammability’.
It is now possible to propose that the following process describes ignition 
at atmospheric pressure, in the chamber used in the present work (Volume =
14 in5).
When a fuel drop contacts the surface in the chamber and evaporates, the 
rapid diffusion mechanism may not permit a reaction to commence and 
accelerate to ignition. The drop continues to evaporate with the general 
level of vapour concentration in the air rising, A calculation shows that
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the air/fuel ratio, by weight, in the chamber after the complete evaporation 
of a n-Heptane or n-Hexadecane drop (2*8 and 2*9 mg respectively) is approx­
imately 42:1 at 35Q°C, and 35s1 at 500°C. The lean limit of flammability is 
approximately twice the stoichiometric air/fuel ratio (31), i.e., it is 
approximately 30s1 by weight. Consequently, from the instant a drop has 
completely evaporated the diffusion mechanism proceeds to make the condition 
of concentration unfavourable for ignition. But at the instant before the 
complete evaporation of a drop, the physical situation in the chamber is that 
a relatively uniform mixture exists, having an overall concentration only 
slightly less than the lean limit of flammability, together with a concentrat­
ion gradient from a high concentration at the phase boundary. It is realistic 
to assume that the probability of ignition is the highest in the latter physical 
situation when only condition 3 remains to be satisfied. Ignition is then 
violent; an audible !pingf emanated from the chamber when ignition took place.
The above described ignition process at atmospheric pressure is applicable 
only to the range of temperatures used in the present work. The described 
process clearly suggests that one or more of three physical factors determines 
the magnitude of the ignition delay, viz., the magnitude of the evaporation 
lifetime of the drop, the initial mass of the drop and the volume of the com­
bustion chamber. However, the atmospheric pressure ignition delay curves,of 
Pigs. 4-1,4-2,4-5 and 4-6, show a trend that suggests that at high temperatures, 
beyond the maximum used, the ignition process might be similar to that obtained 
at the other pressures of the present work; thus at elevated pressures, 
ignition takes place comparatively early in the evaporation lifetime of a 
drop. Prom the above discussion and using the results of the present work, 
it is now possible to suggest the following:-
(i) At atmospheric pressure, a gradual change in the ignition process 
takes place with increasing temperature.
(ii) At any given low temperature; a gradual change in the ignition process 
takes place with increasing pressure, from the ignition process at 
atmospheric pressure (described above) to that at some moderate 
elevated pressure.
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It is necessary to note that the present work has not investigated the gradual 
change in the ignition process with pressure, described in (ii) above; the 
present work only shows that the ignition process has changed when the pressure 
is raised from atmospheric pressure to a pressure of 20 lbf/in gauge (for 
n-Heptane and n-Hexadecane).
Consider now the atmospheric pressure ignition delay curves from a different 
aspect. The ignition delay curve obtained for n-Hexadecane on a polished 
surface (Fig.4-2) shows that ignition takes place at a much lower surface 
temperature than the ignition of n-Heptane on the same surface (Fig.4-l); the 
Minimum Ignition Temperatures obtained for n-Heptane and n-Hexadecane are 493°C 
and 270°C, respectively. As the previously reported S.I.T. of n-Heptane is 
230°C at atmospheric pressure, it is clear that physical factors are respon­
sible for the very high M.I.T; as the previously reported S.I.T. of n-Hexade­
cane is 235°C at atmospheric pressure, it follows that physical factors &ave 
a  smaller influence on the M.I.T. obtained for n-Hexadecane. When the drop 
evaporation lifetimes are reduced, as on the machined rough surface, the 
atmospheric pressure ignition delay curves obtained for n-Heptane and n- 
Hexadecane on this surface, Figs. 4-5 and 4-6 respectively, show that large 
reductions of ignition delay are achieved. But, and this is important to 
note, no change in the ignition process of n-Heptane has taken place; thus 
the M.I.T. is unaltered and ignition still takes place just before the complete 
evaporation of the drop (refer to Fig.5-9 of chapter 3 for the evaporation 
lifetimes of n-Heptane on the machined rough surface). On the other hand, the 
ignition delays of n-Hexadecane are reduced by a greater amount, i.e., as much 
as tenfold reductions of ignition delay are achieved for an approximately 
fourfold reduction of evaporation lifetime (see section 4.4.2.3(a) ) and, 
therefore, the ignition process is changed. It is now reasonable to assume 
that the two physical factors primarily responsible for the high M.I.T. of 
n-Heptane are, compared with n-Hexadecane, a low vapour temperature and a 
faster diffusion mechanism (the molecular diffusion coefficient of n-Heptane 
is approximately 50^ larger than that of n-Hexadecane (48), at comparable 
temperatures and pressures). Also, it is reasonable to assume that the fact that 
the ignition process of n-Hexadecane may be changed by decreased evaporation
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lifetimes and that of n-Eeptane cannot, is again due to the same two physical 
factors.
The above discussion of the ignition process of n-Heptane and n-Hexadecane at 
atmospheric pressure may now be considered in conjunction with the ignition 
process at elevated pressures, in the range of temperatures and pressures used 
in the present work. The atmospheric pressure ignition delay curves show that 
ignition takes place just before the complete evaporation of a drop (in the 
presence of a phase boundary), or not at all, with the ignition delay of n- 
Hexadecane on the machined rough surface showing a change from this trend.
One or more of three physical factors are described as strongly influencing 
the magnitude of the ignition delay; they are, as follows:-
(i) Evaporation lifetime.
(ii) Initial drop mass.
(iii) Volume of combustion chamber.
Two physical factors are described as determining whether ignition 
takes place or not* as followss- 
(iv) Temperature of the vapour at the phase boundary of the drop.
(v) Diffusion mechanism, i.e., the magnitude of the molecular 
diffusion coefficient.
Still concerned with the present work, compare the influence of the above 
physical factors on ignition at atmospheric pressure to their influence on 
ignition at elevated pressures. Thus, at elevated pressures, the influence 
of (i) above is important to ignition delay in terms of the rate of evaporation 
and the heating up time of the liquid, and not in terms of the lifetime 
implicitly; also, the influence of (iv) and (v) above are important to ignition 
at elevated pressures in determining the magnitude of the ignition delay and not 
in determining whether ignition takes place or not; it is difficult to see any 
great influence of (ii) and (iii) above on the ignition delay (on a surface) at 
elevated pressures, excepting large variations.
The above discussion furthers an understanding of ignition delay in that it 
places ignition delay phenomena at atmospheric pressure into perspective with
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2ignition delay phenomena at elevated pressures (20 lbf/in gauge and above); 
clearly, the present discussion cannot include fuels other than n-Heptane and 
n-Hexadecane. The important conclusion is that the magnitudes of the ignition 
delay obtained for n-Heptane and n-Hexadecane at atmospheric pressure have a 
complex relationship with the magnitudes of the ignition delay obtained at 
elevated pressures (20 lbf/in gauge and above).
4.6.3. DISCUSSION OF THE IGNITION DELAY CURVE OF n-HEPTANE AND 2.2.4- 
TRIMBTHYLPENTiNE.
It is shown in the analysis of section 4.4 that one chemical difference between 
n-Heptane and 2,2,4-Trimethylpentane is that the S.I.T. of the former fuel is 
comparatively low, and a weak function of pressure, whereas the S.I.T. of the 
latter fuel is high (at low pressures), and a strong function of pressure. The 
physical differences between the two fuels is negligible.
The ignition delay curves of n-Heptane and 2,2,4-Trime thy lpent ane are shown in 
Figs.4-1 and 4-3» respectively. The generally longer ignition delays of
2,2,4-Trimethylpentane, compared with those of n-Heptane, at comparable surface 
temperatures and pressures,are clearly evident.
In section 4.6.2.1, there is a discussion of the physical properties of n- 
Heptane and n-Hexadecane vapours and their influence on ignition. In that 
section, it is shown that the evaporation of a n-Heptane drop does not permit 
a reaction to commence in the close vicinity of a drop. Consider now the 
evaporation of a n-Heptane and 2,2,4-Trime thy lpent ane drop in conjunction with 
the generally higher S.I.T. of the latter vapour/air mixture and it is clear 
that, for similar air temperatures and pressures, a reaction is possible only 
at a greater distance from the phase boundaiy of the 2,2,4-Trime thylpen tane 
drop. This follows from the fact that the heat transfer from the air to the 
vapour and the diffusion mechanism are always more important to the ignition 
of 2,2,4-Trime thylpen tane than to that of n-Heptane. Consequently, the 
ignition delays of 2,2,4-Trimethylpentane must always be longer than the 
ignition delays of n-Heptane, at comparable temperatures and pressures.
But this is only one consequence of a high S.I.T. It can be assumed that 
when the S.I.T. of one fuel is much higher than the S.I.T. of another fuel,
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the chemical delay of the first fuel will he longer than the chemical delay 
of the other fuel, at comparable temperatures and pressures. This assumpt­
ion must not be extended to very high temperatures; but in the range of 
moderate temperatures used in the present work, this is not an unreasonable 
assumption. In consequence, the longer chemical delay of 2,2,4-Trimethyl- 
pentane, compared with the chemical delay of n-Heptane, implies that condition 
3 for ignition will be more difficult to satisfy. This theoretically suggests 
that the ignition delay curves of 2,2,4-Trimethylpentane will indicate an 
ignition process similar to the one described in section 4.6.2.6 for n- 
Heptane and n-Hexadecane at atmospheric pressure; to briefly reiterate this 
process, ignition of n-Heptane and n-Hexadecane in the chamber used in the 
present work, takes place just before the complete evaporation of a drop at 
atmospheric pressure. Compare the ignition delay curves of Fig.4-3 with 
the evaporation lifetime curves obtained for n-Heptane (assumed to be the 
same for 2,2,4-Trimethylpentane) shown in Fig.3-1 of chapter 3« It is 
evident from the comparison that the ignition delay curves obtained for 
pressures of 0, 20 and 50 lbf/in gauge show a resemblance to this process.
For example, at atmospheric pressure ignition takes place after the drop 
has completely evaporated; at 20 lbf/in gauge ignition takes place just 
before the complete evaporation of the drop at surface temperatures above 
500°C; at 50 lbf/in^ gauge ignition takes place just before the complete 
evaporation of the drop at surface temperatures above 410°C and, moreover, 
this curve shows the gradual change taking place from ignition just before the 
complete evaporation of the drop, to ignition taking place comparatively early 
in the evaporation lifetime of the drop. In section 4.6.2.6, it is suggested 
that this gradual change in ignition process will take place with n-Heptane 
and n-Hexadecane, at atmospheric pressure, at higher temperatures than used 
in the present work. Now condition 3 for ignition concerns chemical delay 
and diffusion. The effect of increasing pressure on condition 3 is to 
simultaneously reduce the chemical delay and the velocity of the diffusion 
mechanism. Consequently, when conditions 1 and 2 for ignition, concerning 
concentration and temperature, are satisfied and only condition 3 remains 
to be satisfied for ignition to take place, the ignition delay will be 
pressure sensitive. The ignition delay curves of 2,2,4-Trimethylpentane
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clearly show this pressure sensitivity at all pressures below the critical 
of the fuel.
At pressures above the critical of n-Heptane and 2,2,4-Trimethylpentane, the 
ignition delay curves of Pigs.4-1 and 4-3 show the ignition delays of both 
fuels to be much less different, at comparable surface temperatures and 
pressures; the ignition delays are very nearly the same at surface temper­
atures above 380°C. How the Minimum Ignition Temperatures obtained for the 
two fuels at these pressures shows the M.I.T. obtained for 2,2,4-Trimethyl­
pentane to be higher than the M.I.T. obtained for n-Heptane, at any given 
pressure. It may therefore be assumed that the chemical delay of 2,2,4- 
Trimethylpentane is still generally longer than the chemical delay of n- 
Heptane. Using the assumption already made that the influence of chemical 
factors in the ignition delay of n-Heptane and n-Hexadecane is the same (see 
section 4.6.1), it is evident from Fig.4-8, following the discussion of 
section 4.6.2.4, that the chemical delay of n-Hexadecane and of n-Heptane at 
pressures above the critical of the fuel and at temperatures above 380°G is 
very short. It follows now that as the physical properties of n-Heptane 
and 2,2,4-Trimethylpentane are similar, the similar ignition delays obtained 
at temperatures above 380°G is due to the fact the chemical delay in the 
ignition delay of both fuels is very small* i.e„, a possible large 
difference of chemical delay still exists but its influence is negligible 
compared with the influence of physical factors in the ignition delay.
It is necessary to note that ignition in the absence of a fuel drop, e.g., 
ignition after a drop has completely evaporated, is not strictly within the 
scope of the present work. Excluding this form of ignition obtained with
2,2,4-Trimethylpentane from the discussion, it is evident from the ignition 
delay curves of Fig. 4-3 that no Transition Temperatures exist in the 
ignition delays obtained at pressures below the critical pressure of the 
fuel, i.e., physical factors are always strong, and that the Transition 
Temperatures may be as little as 20 deg C above the M.I.T. when pressures 
are above the critical to the fuel. The paradox is that when the chemical 
delay of a fuel is long,making condition 3 for ignition difficult to
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satisfy, physical factors are strong in the ignition delay. Included in 
such physical factors are the evaporation lifetime of the drop (implicitly), 
the initial mass of the drop, and the volume of the combustion chamber (see 
section 4.6.2*6). It is therefore clear that the magnitude of the chemical
delay is unobtainable from any of the ignition delay curves obtained for
2,2,4-Trimethylpentane (Fig.4-3) - not even approximately.
4.6.4. DISCUSSION OF THE IGNITION DELAY CURVES OF q-MHYLNAPHTHALEEB.
A comparison of the ignition delay and evaporation lifetime curves obtained 
for a-Methylnaphthalene, shown in Figs.4-4 and 3-3 respectively, shows that 
ignition generally takes place just before the complete evaporation of the 
drop. Consequently, the discussion of section 4.6.2.6, concerned with the 
ignition process of n-Heptane and n-Hexadecane at atmospheric pressure, is 
applicable to the ignition process of a-Methylnaphthalene at the very high 
pressures shown in Fig.4-4.
4.6.5* DISCUSSION OF THE EFFECT OF PRESSURE ON THE IGNITION DELAY OF A 
FUEL DROP.
From the aforegoing discussion of the ignition delay curves of the present 
work, it is evident that the concept of the spontaneous ignition and ignition 
delay of a fuel drop, given in section 4.5*3» is valid in so far as it 
enables an explanation of all the ignition delay phenomena of the present 
work. The simultaneous satisfaction of conditions 1, 2 and 3 for ignition 
to take place is a complex physical and chemical process. So let it be 
clear at the outset of the present discussion that the influence of pressure 
on conditions 1, 2 and 3* and hence on the ignition delay of a fuel drop, is 
complex also. Indeed, to consider fully the influence of pressure on 
ignition delay it would be necessary to include the effect of both air 
pressure and temperature on the phase boundary vapour concentration and 
temperature during the evaporation of a drop; this aspect is very important 
and was discussed in section 4.6.2.1 in connection with the physical delay 
and ignition delay of n-Heptane and n-Hexadecane drops at high pressures.
The present discussion is concerned with the effect of pressure on just two 
important factors in ignition,viz., the chemical delay and the diffusion 
mechanism.
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The role of the diffusion mechanism in ignition is discussed generally in 
section 4*5*4. Specifically, the discussion of section 4.6.2.1 shows that 
the diffusion mechanism is always essential to the ignition of low boiling 
point fuels, e.g., n-Heptane and 2,2,4-Trimethylpentane, if conditions 1 and 
2 for ignition are to be simultaneously satisfied; the discussion of section 
4*6.2.1 also shows that only when pressures are above the critical of the 
fuel and only when the initial drop temperatures are in a limited range 
above and below 235°C> does an ignitable concentration exist at the phase 
boundary of a n-Hexadecane (high boiling point fuel) drop, i.e., the 
diffusion mechanism is inessential to the simultaneous satisfaction of 
conditions 1 and 2. In addition, however, condition 5 for ignition 
contains the diffusion mechanism. It follows now that the diffusion 
mechanism is an integral part of the ignition process ot all liquid fuels, 
and that its role and magnitude of influence will vary with the properties 
of a fuel, the mode of evaporation (e.g. true contact and spheroidal 
evaporation), and temperature and pressure.
The present discussion considers two specific cases to illustrate the effect 
of pressure on ignition delay.
Case 1.
The first case concerns the situation in which the chemical delay is neglig­
ible. In this case, condition 5 for ignition can be neglected. The 
criterion then for ignition is that conditions 1 and 2 are simultaneously 
satisfied.
Other things being equal, e.g. mode of evaporation and temperature, the 
effect of an incfease of pressure on the ignition delay is, approximately, 
proportional to the effect of an increase of pressure on the diffusion 
mechanism, i.e., proportional to the effect of an increase of pressure on 
the molecular diffusion coefficient; the effect of pressure on the molecular 
diffusion coefficient, D, of a vapour/gas mixture is given in section 5*11.2 
of chapter 3> being one of the conclusions of the present work. To reiterate 
this conclusion briefly:-
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at reduced pressures, Pc* less than one half, D a  Vp; at reduced pressures 
between one half and one, D a ('/pF  where m varies from 1 to less than 1 
with increasing reduced pressure; at reduced pressures greater than one,
D is a weak function of pressure (p is the total pressure; pQ is the 
critical pressure of the vapour).
Case 2.
The second case concerns the situation in which conditions 1 and 2 for 
ignition are satisfied and only condition 5 remains to be satisfied; con­
dition 3 concerns chemical delay and diffusion.
Now the effect of an increase of pressure is simultaneous on both the 
chemical delay and the diffusion mechanism; the effect of pressure on the 
latter is given in case 1 above. The effect of pressure on the chemical 
delay can be deduced from the results of the present work. When n = 1, 
equation (4-1) of section 4.5*1 shows the chemical delay to be inversely 
proportional to pressure, viz., tc a Vp. However it has already been 
shown that the chemical delay of n-Hexadecane is independent of pressure 
at pressures above the critical of the fuel (see section 4.6.2.4)* Con­
sequently, it is reasonable to assume now that the effect of pressure on 
the chemical delay of a n-Hexadecane vapour/oxidant mixture is not as 
given by equation (4-1 )• but similar to that given for the effect of 
pressure on the molecular diffusion coefficient in case 1 above. Thus:- 
at reduced pressures, p/p„ , less than one half,Tc a Vp; at reduced pressures 
between one half and one, tc a ( V p)" where m varies from 1 to less than 
1 with increasing reduced pressure; at reduced pressures greater than one,
t is independent of p (p is the total pressure; p is the criticalc
pressure of the vapour).
Other things being equal, e.g. mode of evaporation and temperature, the 
effect of an increase of pressure on the ignition delay is, approximately, 
proportional to the effect of pressure on the chemical delay and the 
molecular diffusion coefficient simultaneously. For example at reduced 
pressures less than one half, the effect of pressure on the ignition
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2 1 / 2delay is inversely proportional top , i.e., x a /p ; at reduced pressures 
greater than one, x is a very weak function of pressure.
In general, however, always three conditions for ignition need to be 
simultaneously satisfied for ignition to take place. Assuming other 
things are equal, e.g., mode of evaporation and temperature, and using the 
relationships between ignition delay and pressure described in cases 1 and 
2 above, it is now possible to give a theoretical interpretation of the
effect of pressure on ignition delay, as followsi-
(i) At reduced pressures less than one half, x a(~) , where the integer 
n has a value between the limits of 2 and 1. Thus, when the 
chemical delay is important, n-*~2 (case 2); when the chemical 
delay is not important, n-«-1 (case l).
1 H(ii) At reduced pressures between one half and one, x a(p’) , where
the integer n has a value between the limits of 2 and 0. Thus,
when the chemical delay is important at reduced pressures near 
one half, n-*-2; when the chemical delay is not important at 
reduced pressures, near one half, n-*~1; at reduced pressures 
near one, irrespective of whether the chemical delay is important 
or not, n-*-0. •
(iii) At reduced pressures greater than one,x a(Vp)n> where irrespect­
ive of whether the chemical delay is important or not, n—*-0.
(Case 1 or 2).
The above discussion is very important in that, depending also on the
magnitude of the reduced pressure, the effect of pressure on ignition delay
2may be inversely proportional to p or it may have only a weak influence on 
ignition delay* It must be reiterated that the present discussion is 
concerned only with the effect of pressure on the chemical delay and the 
diffusion mechanism, and neglects the effect of pressure on the many other 
physical factors in ignition delay (e.g. evaporation lifetime). The 
procedure now is to examine the ignition delay curves of the present work 
in order to establish the relationships given in (i),(ii) and (iii) above.
The first ignition delay curves to he examined are those of 2,2, 4-Trimethyl- 
pentane (Fig.4-3); the chemical delay of this fuel, compared with that of 
n-Heptane, is long (see section 4.6„3»)* The ignition delay curves 
obtained for pressures below the critical of the fuel (reduced pressures 
less than one) indicate the pressure sensitivity that will be obtained when 
the chemical delay is important; for example, at reduced pressures less than 
one half,x a(Vp)n where n-**-2. The next ignition delay curves to be 
examined are those of n-Heptane (Fig.4-1) and n-Hexadecane (Fig.4-2); the 
assumption has already been made that the influence of chemical factors in 
the ignition delays of these two fuels is the same (see section 4.6.1). The 
ignition delay curves obtained for pressures above 20 lbf/in gauge indicate 
a pressure sensitivity that will be obtained when the chemical delay is not
1 IIimportant; for example, at reduced pressures less than one half, t <x(~) 
where n -^ -1. It is, however, important to note from the ignition delay 
curves that when reduced pressures are less than one half, n is generally 
slightly greater than 1 indicating that the chemical delay is not 
negligible. At reduced pressures above one half, the ignition delay curves 
of all three of the above fuels indicate the..relationship between pressure and 
ignition delay, given in (ii) and (iii) above.
It is important to note that the ignition delay curves obtained for a- 
Methylnaphthalene are not useful in showing the relationship between pressure 
and ignition delay, even when condition 5 only is the criterion for ignition. 
Referring to Fig. 4-4, this is because ignition takes place only at very high 
pressures (near to and above a reduced pressure of one) in the range of 
temperatures used in the present work. Consequently, as shown in (ii) and
(iii) above, at these reduced pressures the ignition delay is theoretically 
a weak function of pressure. In fact, the ignition delay curves obtained 
for a-Methylnaphthalene show the ignition delay to be independent of pressure 
and implicitly dependent on the evaporation lifetime of the drops, (it is 
necessary to note the fact that the evaporation lifetime is dependent on 
pressure; this aspect is excluded from the present discussion, it being 
concerned only with the effect of pressure on the chemical delay and the 
diffusion mechanism in ignition delay.)
1 6 8
It is important to note that the present sprk introduces a new working 
concept of the effect of pressure on ignition delay, given in (i),(ii) and
(iii) above. However * the concept only arises from a consideration of the 
effect of pressure on conditions 1,2 and 3 for ignition. Clearly,it is
the concept of the simultaneous satisfaction of three conditions for 
ignition to take place that facilitates an understanding of the spontaneous 
ignition and ignition delay of a fuel drop.
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THE IGNITION AND BURNING- OF n-HEPTANE DROPS ON A HEATED SURFACE.
GEHEML DESCRIPTION OF PLATES V(a) to (c)
The surface used was the polished stainless steel surface.
Filming was at 100 frames/s, i.e., 10 ms elapse from frame to 
frame. Triple images appear on the photographs; these are due 
to reflection from the forward and rear quartz windows.
Plates V(a) and (b) show that the reaction (blue flame) commences 
in the richer mixture near the drop with ignition taking place in 
the weaker mixture further away from the drop. This is in 
agreement with the new concept of the spontaneous ignition of a 
fuel drop in which three conditions for ignition, defined by 1,
2 and 3 of section 4.5«3*> need to be simultaneously satisfied 
before ignition can take place.
Plate V(c) does not show ignition because the filming rate was 
too slow; a burning falling drop, ignited from the flame of the 
test drop, appears on this photographed sequence.
The ignition delays shown on Plates V (a) to (c) are obtained 
from Fig.4-1* The burning times are shown in Fig.5-1 (a).
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CHAPTER 5
THE BURNING OF A FUEL DROP ON A HEATED SURFACE
5.1 INTRODUCTION
In this chapter are presented the combustion and burning times of fuel drops 
on a heated surface, with variation of surface temperature and air pressure,
5.2 TEST PROCEDURE
The experiments on the burning of fuel drops were run concurrently with the 
experiments on the ignition delay of fuel drops, described in chapter 4; 
whereas the ignition delay was recorded by chronometer A, the burning time 
of a drop was recorded by chronometer B.
The instrumentation, including the electronic timing circuits, is described 
in chapter 2.
5.3 EXPERIMENTAL RESULTS
The fuels and surfaces used are as for the ignition delay experiments of 
chapter 4. Thus, the burning time of fuel drops on the polished stainless 
steel surface were recorded for n-Heptane, n-Hexadecane, 2,2,4-Trimethylpentane 
and a-methylnaphthalene; the burning time of fuel drops on the machined 
rough stainless steel surface were recorded for n-Heptane and n-Hexadecane.
The burning time of a fuel drop is defined in the present work as the time 
from the end of the ignition delay to the extinction of the flame, during 
which time the drop has also completely evaporated. The combustion time,
being the sum of the ignition delay and the burning time of the drop is
defined in the present work as the time from a drop first contacting a 
surface to the extinction of the flame, during which time the drop has also 
completely evaporated.
The results are presented as followsJ-
(i) Figs. 5-1 (a) and (b) show the combustion and burning times of
n-Heptane drops on the polished and machined rough surface, 
respectively, with variation of air pressure and with the surface 
temperature as the independent variable.
(ii) Figs. 5-2 (a) and (b) are as (i) above, but for n-Hexadecane.
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(iii) Fig.5-3 shows the combustion and burning times of 2,2,4-Trimethylpentane 
drops on the polished surface, with variation of air pressure and with 
the surface temperature as the independent variable.
!
■!
When plotting $he results, if there was doubt as to whether the drop had 
completely evaporated when extinction of the flame took place, these results 
were discarded. Consequently, some curves are discontinuous in the above 
Figures.
Now as for the combustion and burning times of a-methylnaphthalene drops, it 
is to be said that severe cracking of the fuel led to the formation of carbon­
aceous deposits on the surface in the form of cenospheres. These deposits 
glowed long after extinction of the flame. The sensitivity of the electronic 
timing system was such that the time of glowing was monitored to extinction.
However, the time then recorded by chronometer B had no significance; 
consequently, no results are presented for this fuel. J
5.4 ANALYSIS OF RESULTS
5.4.1 THE BURNING AND COMBUSTION TIME CURVES OF n-HEPTANE DROPS ON A SURFACE.
Fig. 5-1(a) shows the burning and combustion time curves obtained for n-Heptane 
drops On the polished surface. Examining Fig.5-1 (a), three types of curve 
may be recognised, as follows:-
1 • When ignition takes place just before the complete evaporation of a 
drop on the surface, the evaporation lifetime, the combustion time and the 
ignition delay are similar; the burning time is negligible. An example of 
such conditions is the atmospheric pressure curve 1of Fig.5-1 (a).
2. When the ignition delay is negligible, the combustion time, the burning 
time and the evaporation lifetime are of the same order of magnitude, with 
the combustion and burning time being slightly longer than the evaporation 
lifetime. Examples of such conditions are the curves for pressures above 
the critical, i.e., 500, 750 and 1000 lbf/in gauge, at high surface temperat­
ures in Fig.5-1 (a).
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3« When the ignition delay is not negligible but not long either, the
combustion time may be shorter or longer than the evaporation lifetime.
Examples of such conditions are the curves for pressures of 20,50,100 and 
2250 lbf/in gauge in Fig.5-1 (a), where a dotted line represents combustion 
times longer than the respective evaporation lifetime.
For confirmation of 1,2 and 3 above, it is necessary to read Fig.5-1 (a) in 
conjunction with the evaporation lifetime curves, Fig.3-1 of chapter 31 and 
the ignition delay curves, Fig.4-1 of chapter 4.
5.4.2 THE EFFECT OF A DECREASED EVAPORATION LIFETIME ON THE BURNING- AND 
COMBUSTION TIME OF A n-HEPTANE DROP.
Fig.5-1(b) shows the burning and combustion time curves obtained for n-Heptane 
drops on the machined rough surface. In the absence of evaporation lifetime 
curves on this surface, no distinction is made in Fig.5-1(b) between a burning 
or combustion time longer or shorter than the evaporation lifetime.
As might be expected, when the evaporation lifetime is long on the polished 
surface, as in spheroidal evaporation at low pressures, a decreased evaporation 
lifetime reduces the burning and combustion time considerably; a comparison of 
Fig.5-1 (a) and (b) shows this. As might not be altogether expected, when the 
evaporation lifetime is short on the polished surface, as at high pressures 
and high surface temperatures, a further decrease of evaporation lifetime 
increases the burning and combustion time; a comparison of Fig.5-1(a) and (b) 
shows this at pressures above the critical.
5.4.3 THE BURNING AND COMBUSTION TIME CURVES OF n-HEXADECANE DROPS ON A 
SURFACE.
In general, all that has been said of the burning and combustion time curves 
obtained for n-Heptane,in sections 5*4.1 and 5*4.2 above, is applicable to 
n-Hexadecane,
5.4.4 THE BURNING AM) COMBUSTION TIME CURVES OF 2.2.4-TRIMSTHYLPENTANE 
DROPS ON A SURFACE.
Fig.5-3 show3 the burning and combustion time curves of 2,2,4-Trimethylpentane 
drops on the polished surface.
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The combustion times obtained at pressures below the critical pressure of the 
fuel include such long ignition delays that the combustion time curves resemble 
the ignition delay curves, shown in Fig.4-3 of chapter 4. At pressures above 
the critical of the fuel, and at high surface temperatures, where the ignition 
delay is short and similar to that of n-Heptane, the burning and combustion 
times are also similar to those of n-Heptane (c.f. Figs.5-3 and 5-1(a) ). This 
is to be expected in view of the similar physical properties of the two fuels.
5.5 DISCUSSION OF RESULTS 
5.5.1.INTRODUCTORY DISCUSSION
When a drop is evaporating in a hot oxidant, prior to ignition, it is generally 
assumed that when ignition takes place and a flame is present, the rate of 
evaporation is thereby increased. It has been reported that the evaporation 
lifetime of a suspended drop is nearly twice longer than the lifetime of the 
same size drop, at the same ambient temperature, and in the presence of a 
flame (20). It is important to note that except in limited temperature ranges 
in spheroidal evaporation, the results of the present work using a heated 
surface indicate the converse behaviour, i.e., the combustion time of a drop 
is longer than its respective evaporation lifetime* An explanation for this 
behaviour is now given.
When concerned with the burning of drops on a heated surface, it is important 
to note two facts. The first fact is that, unlike any other combustion 
system using liquid fuels, a heat and mass transfer energy balance does not 
exist at the phase boundary adjacent to the oxidant; thus, the liquid enthalpy 
and the enthalpy of evaporation are supplied by the heating surface. Con­
sequently, when considering the effect of the heat transfer from the flame to 
the liquid on the evaporation lifetime of a drop on a surface, it is necessary 
to ascertain whether this additional heat transfer is large or small relative 
to the heat transfer from the heating surface to the liquid - and this leads 
to the second important fact. The second fact is that when a drop is 
evaporating on a surface in the contact modes of evaporation corresponding to 
that in the Maximum Evaporation Rate Ranges and in conditions of temperature 
and pressure above the critical point of the liquid, the average heat flux
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from the surface to the liquid approaches what appears to be an absolute 
maximum (evaporation in these ranges is described in section 3*9 of chapter 
3)• Thus, in conditions of temperature and pressure above the critical 
point of a liquid, the evaporation lifetime of a drop is independent of both 
temperature and pressure (see Figs.3-1 and >-2). This heat flux can be many 
hundred, even thousand, times greater than the heat flux to a suspended drop, 
for example. This aspect is considered important enough to justify an 
example, as follows.
Refer to Fig.3-11 of chapter 3 where the minimum evaporation lifetime of a 
water drop is shown to be 0.1 s at 190°C. Refer now to Fig.3-13 and 
extrapolate the evaporation lifetime curve for a suspended water drop of the 
same mass to a temperature of 190°Q; a very approximate lifetime Is 300 s.
The example shows that the average rate of heat transfer to the water drop on
the surface is approximately 3000 times greater than the average rate of heat
transfer to the water drop from the surrounding gas.
The above example is undoubtedly biased in favour of evaporation on a surface.
Thus, when the gas temperature and pressure is increased, the average rate of 
heat transfer to a suspended drop must increase considerably; conversely, 
noting the above example is at atmospheric pressure, an examination of the 
evaporation lifetime curves obtained for n-Heptane and n-Hexadecane (Figs.
3-1 and 3-2 respectively) shows that an increase of surface temperature and 
pressure, above that in the Maximum Evaporation Rate Range at atmospheric 
pressure, always increases the evaporation lifetime. However, the above 
example is so heavily weighted in favour of evaporation on a surface that it 
allows the conclusion to be drawn that, excepting spheroidal evaporation, the 
average rate of heat transfer from a heating surface to a liquid is always 
very much greater than -the average rate of heat transfer from surrounding gas 
to a suspended drop, at a comparable temperature and pressure. This leads 
to the important conclusion that, excepting spheroidal evaporation, the 
influence of a flame presence on the evaporation lifetime of a drop on a 
surface is generally small and, in particular, is negligible in the Maximum 
Evaporation Rate Ranges and in conditions of temperature and pressure above 
the critical ‘point of a liquid.
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5-5.2 DISCUSSION OF THE PHOTOGRAPHS OBTAINED SHOWING THE IGNITION AND
BURNING- OF A n-HEPTANB DROP AT VARIOUS PRESSURES.
Plates V(a) to (c) of chapter 4 show photographs of the ignition and burning
of a n-Heptane drop on the polished surface, the surface temperature being
always 250°C.
Plates V(a) and (b) show the burning of a drop in spheroidal evaporation,
2Plate V(a) at a pressure of 20 lbf/in gauge and Plate V(b) at a pressure of 
100 lbf/in gauge. The point to note from these two plates is that a flame 
initially surrounds the drop, after ignition takes place, but that it 
gradually lifts as the oxygen is consumed in the lower part of the chamber 
and replaced by carbon dioxide. Only a part of the photographed sequence 
is shown in the above plates; the complete sequence shows, for example, at a 
pressure of 20 lbf/in gauge, the flame gradually lifting with extinction
t
taking place with the flame finally about' one inch above the surface. Con­
sequently, during the burning of the drop on a surface, the additional heat
transfer from the flame to the liquid is initially high but subsequently 
becomes negligible. It follows that, in spheroidal evaporation# the 
combustion time of a drop may be shorter than the evaporation lifetime of 
the drop in the absence of a flame. This is shown by the results of the 
present work.
Plate V(e) shows the:'.Ignition and burning of a n-Heptane drop at a pressure of 
2500 lbf/in gauge, i.e., in conditions of temperature and pressure above the 
critical point of n-Heptane. Following ignition, a thick flame envelope 
surrounds the evaporating drop. However, as concluded in section 5-5*1 
above, the additional heat transfer from the flame to the liquid must be 
regarded as negligible in comparison to the heat transfer from the heating 
surface to the liquid.
5.5*3 THE INFLUENCE OF A DECREASED EVAPORATION LIFETIME) ON THE BURNING AND 
COMBUSTION TIME OF A DROP ON A SURFACE
i
The decreased evaporation lifetime obtained on the machined rough surface, 
as compared with the lifetime obtained on the polished surface, are most 
useful in determining the influence of evaporation lifetime on the burning
1 8 8
and combustion time of a drop on a surface. The fuels used for the drops 
were n-Heptane and n-Hexadecane and the burning time and combustion time 
curves obtained on the machined rough surface are shown in Figs. 5-1 (b) and
5-2(b) respectively; the burning time and combustion time curves obtained on 
the polished surface are shown in Figs. 5-1 (a) and 5-2(a), respectively.
Broadly speaking, the decreased evaporation lifetimes on the machined rough 
surface decrease the burning and combustion times of a drop in spheroidal 
evaporation, as might be expected, and increase the burning and combustion 
times of a drop in the contact modes of evaporation, e.g,, in conditions of 
temperature and pressure above the critical point of the liquids, as might 
not be expected. (it must be noted that the results of the present work 
almost entirely exclude burning in the true contact mode of evaporation below 
the critical temperature because of doubt that the drop had completely 
evaporated when extinction of the flame took place. Consequently, the 
present discussion is not applicable to burning in this mode of evaporation). 
The above discussion is important and leads to the following conclusion.
When the evaporation lifetime of a drop on a heated surface is comparatively 
long, the burning and combustion time of the drop is primarily determined by 
the evaporation lifetime. When the evaporation lifetime of a drop on a 
heated surface is very short, the burning and combustion time of the drop 
is not primarily determined by the evaporation lifetime, i.e., the rate of 
evaporation is greater than the rate of burning; the burning and combustion 
time of the drop is then primarily determined by the rate of diffusion.
5*5.4 COMBUSTION IN A DIESEL ENGINE
The present discussion is concerned with the burning of fuel in a diesel 
engine combustion chamber utilizing the Meurer combustion system (described 
in section 1,2 of chapter 1); the pressures of concern are only those above 
the critical pressure of a fuel.
It has already been shown (see section 5*5*1) that, in conditions of 
temperature and pressure above the critical point of a liquid, the average
heat flux from the heating surface to the liquid approaches an absolute 
maximum. Consequoitly, it is suggested that the ipinimum combustion time of 
a drop in these conditions is equal to the evaporation lifetime - and this 
is all that turbulence can achieve. When the surface temperature is below 
the critical temperature of a liquid, it is feasible that turbulence may 
reduce the evaporation lifetime of a drop on a surface and, in this case, 
turbulence may also reduce the combustion time of a drop.
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CHAPTER 6
THE * CLEANLINESSr OP COMBUSTION OP A PUEL DROP 
BURNING ON A HEATED SURFACE.
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6.1 INTRODUCTION
In this chapter are presented the results of an investigation of the 
‘cleanliness* of combustion of a n-Hexadecane drop while burning on the 
polished stainless steel surface, with variation of surface temperature and 
air pressure.
6.2 TEST PROCEDURE
This test was run concurrently with the ignition delay tests and burning 
time tests using n-Hexadecane drops on the polished surface.
When a falling drop in the chamber interrupted the light beam passing through 
the chamber windows, chronometer A started. On subsequent ignition of the 
drop, chronometer A stopped and chronometer B started, and on subsequent 
extinction of the flame, chronometer B stopped. The readings of chrono­
meter A and B provided the ignition delay and burning time of the drop.
Now this light beam was focussed onto a photovoltaic cell which is connected 
to the switching circuit shown in Fig. 2-5 of chapter 2. Fig.2-5 shows 
that a micro-ammeter is in series with the photovoltaic cell, the purpose of 
the micro-ammeter being to set the variable resistor for optimum performance 
of the switching circuit; when uninterrupted light fell on the cell, optimum 
performance was obtained when the micro-ammeter reading was 2.25 pA - dark 
current was then 6.5p. A. After a drop had fallen onto the surface, then 
ignited and burnt to extinction, the smoke produced partially interrupted 
the light passing through the chamber. Thus, the photovoltaic cell, in 
conjunction with the micro-ammeter, operated as an uncalibrated Hartridge 
Smokemeter.
Readings of the micro-ammeter were recorded immediately after extinction of 
a flame. There was, however, no real need for haste to note these readings 
because the current decreased very slowly with time after the extinction of 
a flame.
6.3 EXPERIMENTAL RESULTS
Fig.6-1 shows the *cleanliness* of combustion of a n-Hexadecane drop on a 
surface, with variation of pressure and with the surface temperature as the 
independent variable.
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6-4 DISCUSSION OF RESULTS
An important fact is observed from th© ou^rvco of Fig.6-1. The fact is that 
the 1 dirtiest1 combustion is obtained when the air pressure is near the 
critical pressure of the fuel (206 lbf/in. abs) and when the surface (and 
air) temperature is near the critical temperature of the fuel (45l°C)« An 
explanation for this behaviour is given by a theoretical discussion of 
physical factors only.
The assumption on which the following discussion is based is that combustion 
is ’dirtiest1 when near saturation conditions are present at the phase 
boundary of an evaporating drop (note that true saturation conditions are 
possible only at the phase boundary adjacent to the vapour seat of a drop 
in spheroidal evaporation). In this physical situation, the mass of 
oxidant in the close vicinity of a drop must be a minimum. It is also 
necessary to define the maximum liquid temperature possible during evapor­
ation at any temperature and pressure; the work of chapter 5 suggests that 
the maximum liquid temperature is roughly SO deg. C below the critical 
temperature of the liquid* Thus, the maximum liquid temperature of an 
evaporating n-Hexadecane drop is roughly 451°U*
Consider now a n-Hexadecane drop evaporating in any air temperature higher 
than 451 °C with variation of air pressure. It is clear that as the 
pressure is raised from atmospheric pressure, near saturation conditions 
are always present at the phase boundary until the air pressure corresponds 
to a saturation temperature of 451°C, i.e., until the air pressure is 155 
lbf/in abs. (46). But as the air pressure is increased from atmospheric 
pressure, the saturated vapour density is increased more than the air 
density; consequently, the vapour concentration in the air close to the 
drop is increased with increasing air pressure. It follows from the above 
assumption that the 'dirtiness' of combustion will increase from atmospheric
pressure to an absolute maximum ’dirtiness* of combustion at an air pressure
2 0 of 155 lbf/in abs. amd at air temperatures above 451 C. Now when air
pressures are increased above 155 lbf/in abs., saturation conditions no
longer exist at the phase boundary; the vapour concentration at the phase
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boundary then decreases in proportion to the increase of pressure. It 
follows from the above assumption that the ’dirtiness1 of combustion will 
then decrease in proportion to increases of pressure above 155 lbf/in abs.
The above theoretical discussion fails only in that the curves of Fig.6-1 
show that 1 cleanlinessf of combustion generally improves as the surface 
temperatures are increased above the saturation temperatures for the 
respective pressures (below the critical pressure) and as the surface 
temperatures are increased above the critical temperature of the fuel at 
high pressures; also, the curves reflect the transition in the mode of 
evaporation from that in the Maximum Evaporation Rate Ranges to spheroidal 
evaporation. Nevertheless, the close agreement obtained between the 
prediction of the theoretical discussion and the curves of Fig.6-1 points 
to physical factors being primarily responsible for dirty combustion.
The important conclusion of the present work, using the curves of Fig.6-1, 
is that the combustion of a fuel drop will be ‘dirtiest’ when the air 
temperature and pressure are close to (but below) the critical temperature 
and pressure of a fuel, with the liquid temperature of the drop being 
reasonably steady. Neglecting combustion at atmospheric pressure (very 
long ignition delays are included in the combustion time), clean combustion 
is obtained with n-Hexadecane at a reduced pressure, greater than
approximately four.
y r t — B u t p o a j  j a ja u /u jD O J o / uj : s j / u n  a y o u j s  A j o j u q j y
CHAPTER 7
CONCLUSIONS. OP 'THE PRESENT WORK
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7.1 INTRODUCTION
It is convenient to list the important conclusions of the present work in 
sections as per the respective work contained in chapters 3 to 6 inclusive. 
Thus the first section following concerns the evaporation of liquid drops on 
a heated surface; the remaining sections following concern the combustion of 
liquid drops on a heated surface in which the influence of evaporation is 
important.
7.2 CONCLUSIONS OF THE WORK ON THE EVAPORATION OF LIQUID DROPS ON A HEATED 
SURFACE; THE WORK OF CHAPTER 3.
The following is a general conclusion.
1. At any given gas pressure below the critical pressure of a liquid, contact 
modes of evaporation and spheroidal evaporation are obtained with variation 
of heating surface temperature* At any given gas pressure above the 
critical pressure of a liquid, only contact modes of evaporation are obtained 
with variation of heating surface temperature.
7.2.1. TRUE CONTACT EVAPORATION BELOW THE CRITICAL TEMPERATURE OF A LIQUID 
AND EVAPORATION FROM A POOL OF LIQUID.
True contact evaporation below the critical temperature of a liquid is the
mode of evaporation of a liquid film on a heating surface when, at any given
gas pressure below the critical pressure of the liquid* the heating surface
temperature is below the respective saturation temperature and when, at any
given gas pressure above the critical pressure of the liquid, the heating
surface temperature is below the critical temperature of the liquid.
2. Observation of the evaporation process of n-Heptane and n-Hexadecane on 
the polished stainless steel surface indicated that the maximum liquid film 
spread with variation of pressure may be approximated. Within the 
investigated range of surface temperatures (see Figs.3-1 and 3-2), the max­
imum n-Heptane and n-Hexadecane film spread with variation of pressure, for 
initial drop weights of 2*8 and 2*9 mg respectively, is as follows;-
(i) If d is the maximum spread of a circular film of liquid on a
heating surface observed at atmospheric pressure, viz. 0*25 in, the 
maximum spread of the circular film of liquid at the critical
2 0 2
pressure of the liquid is 2s- d (neglecting surface temperatures close 
to the critical liquid temperature).
(ii) At pressures intermediate to atmospheric pressure and the critical 
pressure of the liquid, the maximum spread of the liquid film on the 
surface is a linear function of pressure.
(iii) At pressures above the critical pressure of the liquid, the maximum 
spread of the liquid film on the surface is constant at 22 d (neglect­
ing surface temperatures close to the critical liquid temperature).
3. At reduced pressures of one half and less, the evaporation lifetime of a 
constant surface area liquid film on a heating surface, evaporating into an 
infinite gaseous medium in which forced convection is absent, is given by,
a p x0
^  =  -77- (7-D
pvs D[p^ l0Se - 2 - V  LFVS P“PvsJ
where tj, is the evaporation lifetime; a is a constant; p andp are the 
liquid and vapour densities at the phase boundary, respectively; D is the 
molecular diffusion coefficient; x0 is the initial average liquid film 
thickness; p is the total absolute pressure; pvs is the partial vapour 
pressure at the phase boundary. All the properties are evaluated at the 
phase boundary temperature, If. [ideally the gaseous medium is at the 
temperature Tf also]. If the partial vapour pressure py-g?is small compared 
to the total pressure, p, equation (7-1) above reduces to,
+ - a 9 x° MtL = ..  ........ (7-2)
Pvs ^
4 . In order to determine the initial heating surface temperature, Ts, which 
will give a steady phase boundary temperature of Tf during the evaporation of 
a liquid film, the temperature difference is given by,
2
Ts “ Tf = -pAh • xo ............(7-3)
where t ^ s  the evaporation lifetime of the film, from equation (7-1) above;
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x0 is the initial average film thickness; p is the liquid density; k is the 
liquid thermal conductivity; A h = hg - hQ, where hg is the saturated vapour
enthalpy per unit mass and h0 is the liquid enthalpy per unit mass at the
temperature of the drop just "before it contacts the surface . pAh ■
may he evaluated at the temperature Ts or Tf.
Equation (7-3) is applicable only when heat transfer across the liquid is by
conduction, i.e., when the liquid film is very thin.
5* The thickness of the vapour boundary layer, 6, which is adjacent to the 
phase boundary of the liquid film during evaporation and in which the vapour 
flow is laminar and normal to the phase boundary, is given by,
6 s a log — E— ] ^      (7-4)
Pvs p-pvs
where the factors are described in conclusion 3 above. If the partial 
vapour pressure, pvs, is small compared to the total pressure, p, equation 
(7-4) above reduces to,
a (7-5)
6. At reduced pressures of one half and less, when evaporation is taking 
place from a liquid pool having a phase boundary temperature, Tf, into an 
infinite gaseous medium (ideally at a temperature Tf also) in which forced 
convection is absent, the mass transfer per unit area and time, m!t , is 
given by,
m“ =s Pyg0 [ — log- -E ] 3
~  Pvs S e P“PvsJ ........................•••••(7-6)CL
where the factors are described in conclusion 3 above. If the partial vapour 
pressure, pvs, is small compared to the total pressure, p, equation (7-6) 
above reduces to,
m” « pvsD................. ..................... (7(-7)
a
7. The constant, a, in equations (7-1),(7-2),(7-4),(7-5)>(7-6) and (7-7) 
above was found to be V 25O ft for n-Heptane and n-Hexadecane, when the units 
of the equations are pounds mass, feet and seconds.
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8. The molecular diffusion coefficient, D, of a binary gaseous mixture is 
well known to he given by,
where DQ is the molecular diffusion coefficient at a datum pressure and 
temperature, p0 and To; p and T are the pressure and temperature of the 
gaseous mixture; n is an integer well known to be between 1.5 and 2.0, The
present work finds that the molecular diffusion coefficient, X), of a vapour/
■\
gas mixture, where the vapour is either n-Heptane, n-Hexadecane or a-methyl- 
naphthalene, is given by,
D = (^ )m    (7-8)
where m is an integer which varies with pressure as follows
(i) At reduced pressures, P/pc; of approximately one half and less, the 
value of m is close to 1 (pc is the critical pressure of the vapour).
(ii) At reduced pressures between approximately one half and one, the 
value of m decreases with increasing reduced pressure,i.e., nu-»- o .
(iii) At reduced pressures greater than one, (the molecular
diffusion coefficient is a weak function of pressure).
Ho better quantitative data on the variation of the integer m with pressure 
can be given. As equations (7-^ 1),(7-2),(7-6) & {7-7) contain the molecular 
diffusion coefficient, D, this is one reason why these equations may only 
be used at reduced pressures of one half and less with accuracy (when m is 
close to 1).
7.2.2. EVAPORATION IN THE MAXIMUM EVAPORATION RATE RANGES AMD IN CONDITIONS 
OF TEMPERATURE AND PRESSURE ABOVE THE CRITICAL POINT OF A LIQUID.
9. Very high heat fluxes exist during the evaporation of a liquid drop on a
surface in these ranges; these heat fluxes approach the maximum reported in
boiling heat transfer. When a sub-cooled liquid drop contacts a heating
surface, the minimum evaporation lifetime is approximately given by,
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where m is the initial mass of the drwp; a h = hg t- Rq , where hg is the 
saturated vapour enthalpy per unit mass and ho is the liquid enthalpy per 
unit mass at the temperature of the drop just before it contacts the surface;
A is the area of contact between the drop and the surface; qf,in is the maximum 
peak heat flux reported by Cichelli and Bonilla (57) on organic liquids and 
reported by Addoms (3§) on water.
10. When a heating surface temperature is more than approximately 50 deg C 
above the critical temperature of a liquid and when the gas pressure is above 
the critical pressure of the liquid also, the evaporation lifetime of the 
liquid drop on the surface is independent of temperature and pressure.
When a drop is evaporating in these conditions of temperature and pressure, 
the phase boundary of the drop is always distinct; thus, the liquid 
temperature does not attain the critical temperature. Approximate 
calculations show the maximum liquid temperature of an evaporating drop on 
a heating surface to be 20-25 deg C below the critical temperature of -the 
liquid.
7.2.3. SPHEROIDAL EVAPORATION.
11. The law of spheroidal evaporation is given by,
d ^  as - At .......................  (7-10)
where do is the initial diameter of a truncated spherical drop at time t=0; 
d is the diameter of the truncated spherical drop after time t;. A is the 
* evaporation constant*. For a truncated spherical n-Heptane or n-Hexadecane 
drop (organic liquids ©f comparatively low molecular liquid surface tension), 
the T evaporation constant1, A , at reduced pressures ©f approximately one 
half and less is given lay,
where T is the heating surface temperature; Tv is the saturated vapour s
temperature; Ah = hg - h0, where hg is the saturated vapour enthalpy per 
unit mass and ho is the liquid enthalpy per unit mass of the drop at ‘lift-
2 0 6
off' (obtained from the chart given in Fig.V-2 of Appendix V); p is the
liquid density at the liquid temperature at which the enthalpy per unit
mass is h0; pv, kv and CpV are the vapour density, thermal conductivity
s"^ "^vand specific heat at the mean temperature — — *
The evaporation lifetime of a drop in spheroidal evaporation is given by 
equatioh (7-10) when d = 0,viz.,
tL = —   (7-12)
At reduced pressures greater then approximately onehalf (but always less 
than one), the decrease of molecular liquid surface tension causes the drop 
shape to be flatter with an increased vapour seat diameter; equation (7-11) 
above then yields values of the evaporation constant which are too small, 
i.e., the constant ^gj in equation (7-11) is too small.
Water drops in spheroidal evaporation (noted at atmospheric pressure only) 
are more spherical than drops of n-Heptane and n-Hexadecane; equation (7-11) 
above yields values of the evaporation constant which are too large for 
water drops, i.e., the constant ^gj in equation (7-11) is too large.
7.3. CONCLUSIONS OF THE WORK ON THE IGNITION DELAY OF A FUEL DROP ON A 
HEATED SURFACE; THE WORK OF CHAPTER 4.
12. The Transition Temperature is defined as the surface temperature at 
which physical and chemical factors have the same influence on the ignition 
delay of a fuel drop on a heated surface.
For n-Heptane and n-Hexadecane,the Transition Temperature is approximately 
100 deg C above the S.I.T. at any given pressure.
For 2,2,4-Trimethylpentane, no Transition Temperatures exist at pressures 
below the critical pressure of the fuel, i.e., physical factors always 
dominate chemical factors in the ignition delay; at pressures above the 
critical pressure of the fuel, the Transition Temperature is approximately 
20 deg C above the S.I.T. at any given pressure.
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For a-methylnaphthalene, no Transition Temperatures exist in the range of 
temperatures investigated (518°C maximum), i.e., physical factors always 
dominate chemical factors in the ignition delay.
13* The Spontaneous Ignition Temperatures of n-Heptane and n-Hexadecane are 
a weak function of pressure. The Spontaneous Ignition Temperatures of
2,2,4 - Trimethylpentane and a-methylnaphthalene are a strong function of 
pressure.
14. At surface temperatures above the Transition Temperatures, physical 
factors dominate chemical factors in the ignition delay.
The ignition delay curves reflect the shape of the respective evaporation 
lifetime curves and, at pressures below the critical pressure of a fuel, 
have minimum ignition delays in or near the respective Maximum Evaporation 
Rate Ranges. The ignition delay is reduced by a decreased drop evaporation 
lifetime (as on the machined rough surface).
15. At surface temperatures below the Transition Temperatures, where 
chemical factors are important in the ignition delay, a decreased drop 
evaporation lifetime may increase the ignition delay and the Minimum 
Ignition Temperatures. There is, therefore, no temperature region in an 
ignition delay curve where physical factors are completely absent from the 
ignition delay.
16. The physical properties of a fuel (including the molecular diffusion 
coefficient of its vapour/oxidant mixture) are important to the ignition, 
the ignition delay and the Minimum Ignition Temperature of the fuel.
The ignition of low boiling point liquid fuels, e.g., n-Heptane and 2,2,4 - 
Trimethylpentane, is always dependent on the diffusion mechanism; usually, 
but not always, the ignition of low boiling point liquid fuels is also 
dependent on the heat transfer from the oxidant to the vapour.
A low boiling point liquid fuel may be made to have instantaneously at the 
phase boundary either a vapour/oxidant mixture of ignitable concentration,
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or, if the critical temperature of the liquid is above the S.I.T.,a vapour/ 
oxidant mixture of ignitable temperature - but never both simultaneously; 
whence the diffusion mechanism is always essential for ignition to take place 
and the physical delay in the ignition delay of such fuels can never be zero.
A high boiling point liquid fuel, e.g., n-Hexadecane, may be made to have 
instantaneously and simultaneously at the phase boundary a vapour/oxidant 
mixture of ignitable concentration and temperature; whence the diffusion 
mechanism is not necessary for ignition to take place and the physical delay 
of such fuels can be zero.
17* When the heating up time of liquid drops is short, as on the machined 
rough surface, the ignition delay of n-Hexadecane is always shorter than the 
ignition delay of n-Heptane.
18. The chemical delay in the ignition delay is unobtainable with accuracy 
from any part of the ignition delay curves obtained for low boiling point 
liquid fuels, e.g. n-Heptane and 2,2,4 - Trimethylpentane, because the 
diffusion mechanism is always essential to the ignition of such fuels.
In limited conditions of air pressure and temperature, and initial liquid 
temperature, i.e., when the physical delay of a liquid fuel drop is zero and 
conditions for zero physical delay are thereafter always satisfied, the 
chemical delay is obtainable with reasonable accuracy from ignition delay 
curves for high boiling point fuels. For n-Hexadecane, these conditions 
are obtainable when the air pressure is above the critical pressure of the 
fuel and when the surface, air and liquid are all in a limited temperature 
range above and below 235°C.
19* When the air pressure is above the critical pressure of n-Hexadecane, 
the chemical delay of the fuel is independent of pressure* [The ignition 
delay curves obtained for n-Heptane and 2,2,4 - Trimethylpentane strongly 
suggest that for these two fuels also the chemical delay may independent of 
pressure at pressures above the critical pressures of the respective fuels. 
However, these are low boiling point fuels and conclusion 18 above states
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that the chemical delay, hence the relationship of chemical delay with 
pressure, is unobtainable with accuracy from any part of the ignition 
delay curves obtained using such liquid fuels].
The well known chemical delay equation, viz*,
*» Vt -ntc = A f e /x p
where n is approximately 1, predicts the chemical delay of a combustible 
gaseous mixture. Drawing a parallel with conclusion 8, concerning the 
effect of pressure on the molecular diffusion coefficient of a vapour/gas 
mixture, the relationship between the chemical delay of n-Hexadecane and 
pressure is given by,
.. b/<r -mtc = A1 e p ..................... . (7-15)
where m is an integer which varies with pressure as follows5-
(i) At reduced pressures, P/pc, of approximately one half and less, 
the value of m is approximately 1 (pc is the critical pressure of 
n-Hexadecane).
(ii) At reduced pressures between approximately one half and one, the 
value of m decreases with increasing reduced pressure, i.e. rn—^O.
(iii) At reduced pressures greater than one, the chemical delay is 
independent of pressure.
The present conclusion may be made applicable to n-Heptane and 2,2,4 - 
Trimethylpentane if (iii) above is less rigorous and reads as follows
At reduced pressures greater than one, the chemical delay is a weak 
function of pressure, i*e. m— .
20. A chemical delay equation, as equation (7-13) above, must not be used 
to correlate experimental ignition delays with temperature and pressure 
in view of the dominance of physical factors over chemical factors in 
ignition at temperatures above the Transition Temperatures.
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21. The ignition process of n-Heptane and n-Hexadecane at air pressures
2
below 20 lbf/in gauge, and of 2,2,4 - Trimethylpentane at air-pressures 
2
below 100 lbf/in gauge is different to the ignition process at higher 
pressures in the range of temperatures investigated. At air pressures 
below those specified above, ignition generally takes place just before the 
complete evaporation of a drop (xn the presence of a phase boundary) in the 
chamber used in the present work, (volume = i4 in^). At air pressures 
above those specified above, ignition generally takes place comparatively 
early in the evaporation lifetime of a drop.
The ignition process of a - methylnaphthalene at all temperatures and pressures
investigated is the same as, for example, n-Heptane and n-Hexadecane at air
2pressures below 20 lbf/in gauge.
22. The theoretical concept of the spontaneous ignition and ignition delay 
of a fuel drop is valid in so far as it enables an explanation of all ignition 
delay phenomena of the present work, including the effect of pressure on the 
ignition delay. The concept is that three conditions must be simultaneously 
satisfied before the ignition of a fuel drop can take place; the ignition 
delay of a fuel drop is determined by the rapidity with which the three 
conditions for ignition are simultaneously satisfied. The diffusion 
mechanism is an integral part of the concept. The three conditions for 
ignition are defined by 1, 2 and 3 of section 4.5*3«
23* The effect of pressure on the ignition delay of a fuel drop may be 
determined only by simultaneously considering the effect of pressure on the 
chemical factors in ignition, i.e.; chemical delay and limits of flammability, 
and the effect of pressure on the physical factors in ignition, i.e., drop 
evaporation lifetime (including the heating up time of the liquid), the 
diffusion mechanism and the physical properties of the liquid and fuel vapour 
(concerning vapour concentration and temperature).
A much simplified approximate solution is obtained by simultaneously consid­
ering the effect of pressure on the diffusion mechanism, i.e., on the 
molecular diffusion coefficient, and on the chemical delay. Other things
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being equal, e.g. mode of evaporation and temperature, the relationship 
between pressure and the ignition delay of a fuel drop at any temperature 
above the Transition Temperatures, is given by
t a  (JL)»      (7-14)
P
where the value of the integer n varies with pressure as follows
(i) At reduced pressures less than one half , the value on n lies
between the limits of 2 and 1 • "When the chemical delay is important 
in the ignition delay, n-*“»- 2; when the chemical delay is not 
important in the ignition delay, n — 1.
(ii) At reduced pressures between one half and one, the value of n lies 
between the limits of 2 and 0. /When the chemical delay is important 
in the ignition delay at reduced pressures near one half, n— *-2; 
when the chemical delay is not important in the ignition delay at 
reduced pressures near one half, n —•*» 1; at reduced pressures near 
one, irrespective of whether the chemical delay in the ignition delay 
is important or not, a— **0, (the ignition delay is a weak function 
of pressure).
(iii) At reduced pressures greater than one, irrespective of whether the 
chemical delay in the ignition delay is important or not, n— **0 
(the ignition delay is a weak function of pressure).
The relative importance of the chemical delay to the diffusion mechanism in 
the ignition delay of the fuels used at temperatures above the Transition 
Temperatures is as follows
(a) The chemical delay is not important in the ignition delay of n-Heptane 
and n-Hexadecane at pressures above 20 lbf/in gauge.
(b) The chemical delay is not important in the ignition delay of 2,2,4 - 
Trimethylpentane at pressures above the critical pressure of the fuel.
(c) The chemical delay is always important to the ignition delay of a - 
methylnaphthalene in the range of temperatures and pressures investigated.
7.4. CONCLUSIONS OF THE WORK ON THE BURNING OF A FUEL DROP ON A HEATED 
SURFACE; THE WORK OF CHAPTER 5»
24. Excepting spheroidal evaporation, the influence of a flame presence on 
the evaporation lifetime of a drop on a surface is generally small and, in 
particular, is negligible in the Maximum Evaporation Rate Ranges and in 
evaporation in conditions of temperature and pressure above the critical 
point of a liquid. In spheroidal evaporation, a flame envelope may 
reduce the evaporation lifetime of a drop.
25* When the evaporation lifetime of a drop on a surface is comparatively 
long, the burning and combustion time of the drop is primarily determined 
by the evaporation lifetime.
When the evaporation lifetime of a drop on a surface is very short, as in 
the Maximum Evaporation Rate Ranges and in evaporation in conditions of 
temperature and pressure above the critical point of a liquid (especially 
when using the machined rough surface), the burning and combustion time 
of the drop is not primarily determined by the evaporation lifetime, i.e. 
the rate of evaporation is greater than the rate of burning; the burning 
and combustion time of the drop is then primarily determined by the rate 
of diffusion.
7.5 CONCLUSIONS OF THE WORK ON THE 'CLEANLINESS' OF COMBUSTION OF A 
FUEL DROP BURNING ON A HEATED SURFACE: THE WORK OF CHAPTER £. '
The following conclusions are based on results from one fuel, viz.,
n-Hexadecane.
26. Physical factors are primarily responsible for dirty combustion.
27. The dirtiest combustion of a liquid fuel is obtained at air pressures 
and temperatures close to and below the critical pressure and temperature 
of the fuel. Clean combustion is obtained at reduced pressures greater 
than approximately four.
7.6 SUMMARY OF CONCLUSIONS.
1. It has been shorn that the evaporation lifetime, the mode of
evaporation and the shape of a liquid drop on a heated surface are a 
function of both surface temperature and gas pressure.
2. It has been shown that when the heating surface temperature is more
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than approximately 30 deg C above the critical temperature of a liquid and 
when the gas pressure is above the critical pressure of the liquid also, 
the evaporation lifetime of the liquid drop on the surface is independent 
of temperature and pressure.
3* Theoretical expressions have been derived to predict the evaporation 
lifetime of a liquid drop on a heated surface in three important modes of 
evaporation,viz., true contact evaporation, evaporation in the Maximum 
Evaporation Rate Ranges and spheroidal evaporation.
4. The relationship between the molecular diffusion coefficient of a fuel 
vapour/gas mixture and gas pressure has been shown.
3. Allowing for the variation of the S.I.T. with pressure, it has been
shown that in no case is a Transition Temperature of the fuels used more
than 100 deg C above the S.I.T.
6. The effect of pressure on the S.I.T. of the fuels used has been shown.
7* It has been shown that the physical properties of a liquid fuel are .
important to its ignition, ignition delay and Minimum Ignition Temperature.
8. The relationship between the chemical delay of a fuel vapour/air 
mixture and air pressure has been shown.
9. A new theoretical concept of the spontaneous ignition and ignition 
delay of a fuel drop has been introduced.
10. The relationship between the ignition delay of a fuel drop and air 
pressure has been shown.
11. It has been shown that the ignition process of a fuel drop at atmospheric 
pressure is different to that at higher pressures (20 lbf/in^ gauge and above};
12. It has been shown that, excepting spheroidal evaporation, a flame presence 
has a small influence on the evaporation lifetime of a drop on a heated 
surface. It has also been shown that the evaporation lifetime of a drop
on a heated surface may be much less than the combustion time of the drop.
13* It has been shown that physical factors are primarily responsible for 
the dirty combustion of a n-Hexadecane drop.
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7.7 SCOPE OF FUTURE WORK.
The following list gives the scope of future work which would be important
to the present work.
7*?*1 EVAPORATION of liquids.
(i) An investigation of the temperature behaviour of a heating surface 
and a liquid when a liquid drop makes contact with the surface - 
especially in true contact evaporation.
(ii) An investigation of the thickness of the vapour boundary layer 
adjacent to the phase boundary of an evaporating liquid with 
variation of temperature and pressure, using Schlieren or inter- 
ferometric techniques.
(iii) An investigation of the evaporation lifetime of a drop on a surface 
with variation of initial liquid temperature - especially in the 
Maximum Evaporation Rate Ranges.
(iv) An investigation of the variation of the constant,a, with various 
liquids (see conclusion 7* section 7*2.1).
(v) An investigation of the maximum liquid film spread on a surface 
with various initial drop weights (true contact evaporation).
7.^.2 IGNITION DELAY OF A FUEL DROP 
(vi) An investigation of the ignition delay of n-Heptane and n-Hexadecane 
on a heated surface with variation of combustion chamber volume, 
initial mass of drop, and at air pressures between atmospheric 
pressure and 20 lbf/in^ gauge.
(vii) An investigation of the relationship between limits of flammability 
and ignition delay using pure fuels and various additives.
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APPENDIX I 
ELECTRONIC CIRCUITS
1.1 INTRODUCTION
The switching of chronometers A and B proved to be a complex operation. 
Considerable time was spent in devising acceptable and reliable methods, 
especially necessary where the determination of the ignition delay and 
burning time of a fuel drop was concerned.
Due to the speed of occurrence of the sequence of events to be measured it 
was clear that only electronic switching would be successful. A series of 
semi-conductor circuits, published by Ferranti Ltd., were eventually 
combined, modified and supplemented by additional circuitry devised in the 
College.
The problems involved were to produce electrical pulses of sufficient 
amplitude and velocity such thats-
(i) Chronometer A would begin to count when the falling drop interrupted 
the light beam passing through the chamber*
(ii) Chronometer A and B would stop and start counting, respectively, 
from one pulse delivered simultaneously to both chronometers on 
ignition of the drop.
(iii) Extinction of the flame would produce a pulse to stop chronometer B.
The two chronometers require electrical input pulses of different amplitudes 
but both require pulses of relatively fast rise-times.
Chronometer A is a Rank-Ointdlmicrosecond chronometer, model 1933 wiih an 
alternative 10 Kc/s oscillator. It will respond to either positive or 
negative going pulses of 2-20 volts amplitude.
Chronometer B is a Racal 1.2 Mc/s universal counter-timer, model SA 535*
It will respond'only to positive going pulses of 8-15 volts amplitude.
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1.2 CIRCUIT FOR SWITCHING CHRONOMETER A ON A FAILING DROP INTERRUPTING 
THE LIGHT BEAM.
In Pig.2-5, Chapter 2, the action required was to produce a pulse of 2-20 
volts amplitude, positive or negative, as a result of the interruption of 
a light beam passing through the chamber and focused on the photovoltaic 
cell of the first stage of Fig.2-5*
The output of the cell is applied to the base of a common-emitter transistor 
amplifier stage (ZT 20). The amplified signal is then used to activate a 
Schmitt Trigger circuit which, in turn, produces an output of amplitude 
suitable to switch chronometer A. The actual pulse was 10 volts, positive.
A variable resistor, controlling the bias voltage on the cell, is used in 
conjunction with a microammeter in series with the cell to adjust its 
sensitivity to an optimum level relative to the intensity of the light beam 
focused on the cell. By precise focusing and careful adjustment of the 
sensitivity control, the optimum position being found to correspond to a 
reading of 2.25 Ji A on the microammeter, reliable starting of chronometer 
A was assured.
1.3 CIRCUIT FOR SWITCHING CHRONOMETERS A and B ON IGNITION OF THE DROP 
AMD FOR TERMINATING- COURTING OF CHRONOMETER B ON EXTINCTION OF THE 
FLAME.
In Fig. 2r6, Chapter 2, the rather elaborate circuitry becomes necessary to 
effect switching of the chronometers using the light intensity of the flame 
from the igniting and burning drop. The output of the photovoltaic cell 
receiving this light may be likened to the first half of a sine wave, viz.,
| m Burning time
'i
Pulses delivered 
by circuit of 
Fig*2^ 6. \ Mai.
\ ^  -
y r -  CXltpUt O f
Photocell
Min(dark)
Extinction
\ Min(dark)
Ygnition Light ' Light 
Increasing I Decreasing
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For effecting the sequence of- switching the chronometers, both the leading 
(light increasing) and. the falling (light decreasing) edge of this long- 
duration sine wave have to be converted to two positive going pulses of 
8-15 volts amplitude, as shown in the above diagram.
The operation of Fig. 2-5 is repeated in Fig. 2^6 up to the stage of the 
output of the Schmitt Trigger circuit. A higher gain transistor amplifier 
stage (ZT 21) is used in this application. At the output of this stage 
two pulses are produced at positions relative to the output of the photo­
voltaic cell, as shown in the above diagram, the first pulse positive-going 
and the second, negative-going.
Successive circuitry demands that the latter is inverted and the pulse- 
inverter stage follows. The inverter introduces a loss in signal amplitude 
which has to be made good subsequently. The two output positive-going 
pulses now have to be altered in shape so that the front edge of each has a 
very fast rise-time, necessary to switch the chronometers, ideally the 
leading edge of a square wave, viz.,
faster. !
In addition, the two pulses delivered along a single output have to be 
separated into two separate outputs. To produce these effects the two 
pulses, on one input, are fed into a Bistable Switch, using a pair of high­
speed switching transistors.
At the output of the Bistable Switch there remained three necessary stepss-
(i) to amplify the positive-going pulses to a level suitable for switch­
ing both chronometers,
(ii) to suppress any unwanted negative-going pulses introduced in previous 
stages,
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(iii) to effect reliable switching of both chronometers simultaneously 
from the first output pulse despite the difference in the input 
impedance of these instruments.
The first two steps were achieved by setting the input triggering level 
bias of the Bistable Switch to + 1*5 volt3 and by the design of the final 
amplifier of Fig. 2-6# The latter is a two channel high gain amplifier, 
producing positive-going pulses of approximately 12 volts, of rise-time 
faster than 0*2 jlis. The third step was achieved by arranging for the 
outputs to the chronometers (connected to terminals 2 and 5) to be 
separately a*c. coupled.
The technique adopted to adjust the sensitivity of the photovoltaic cell 
to the light falling on it from the flame was to a position a 12 volt lamp 
adjacent to the cell, but not in direct view of it, and connect the lamp 
momentarily to a 6 volt battery several times while adjusting the 1 KA  
control variable resistor. The optimum position of the resistor was found 
when chronometer B recorded the longest period possible without erratic 
behaviour.
Some indication of the sensitivity of the system may be had from the test 
carried out to determine the ignition delay and burning time of a - methyl- 
napKthalene drops. This fuel cracked very easily and the burning of the 
drop was characterised by glowing carbon deposits long after the flame was 
extinct. This process was faithfully monitored by the photovoltaic cell 
until all the carbon had been consumed, the time being recorded by chrono­
meter B*
1.4 CIRCUIT FOR SWITCHING CHRONOMETER A FOE EVAPORATION TESTS.
The circuit used for supplying a pulse to the ‘stop* of chronometer A 
(terminal 2) for evaporation tests in the chamber and for supplying the 
‘start* pulse also, for evaporation tests on a surface exposed to the 
atmospherei is shown in Fig.2*7, Chapter 2*
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This circuit, a multivibrator or ’free-running’ oscillator, was found to he 
necessary when manually operated switching of chronometer A was required.
The need for this method of switching arises because the input requirements 
of the chronometer call for an electronically generated pulse and not the 
type of pulse obtained from a simple ’make and break’ switch.
The multivator circuit uses a pair of p-n-p transistors which produce 
oscillatory pulses of approximately 10 volts amplitude, peak to peak, at a 
frequency of 10 Kc/s.
These pulses are conveyed to the ’start’ and ’stop1 terminals or the ’stop’ 
terminal alone, as required, of the chronometer by means of a simple two-way 
switch designed for finger tip control.
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APPENDIX II
TIME OP DROP FALL FROM THE LIGHT BEAM TO THE SURFACE AND FROM THE
INJECTOR TO THE SUBFACE
II.1 INTRODUCTION
The drop, while falling through the chamber, interrupted the light beam 
passing through the chamber windows and started chronometer A counting.
The drop continued to fall until contact was made with the surface. 
Depending on the test in progress, the evaporation lifetime or the 
ignition delay of the drop was subsequently recorded by chronometer A.
Included in the time recorded by chronometer A was the period of time 
taken for the drop to fall from the height of the light beam to the 
surface. This time of fall had to be deducted from the time recorded 
by chronometer A to obtain the true evaporation lifetime or the true 
ignition delay of the drop on the surface. Especially in the case of 
ignition delay, the time of fall must be known with considerable accuracy; 
within 2 ms or better. Consequently, experimental data was preferable 
to theoretical calculations to obtain this particular time of fall.
In order to obtain the temperature of the drop, just before contact with 
the surface,(the method of calculation leading to these drop temperatures 
is presented in Appendix III), it is necessary to estimate the time of 
drop fall from the injector to the surface also. However, the degree 
of accuracy required for this particular time of fall is less than 
described above.
II.2. EXPERIMENTAL PROCEDURE.
The time of drop fall, from the light beam to the surface, was obtained 
with the aid of high speed photography. Filming at 500 frames/s, it 
was possible to obtain a time of drop fall within 2 ms by counting the 
number of frames showing the drop falling from a reference mark in the 
chamber, of known position relative to the light beam, to the surface.
The time interval between each frame was obtained from the timing marks 
on the edge of the film. However, by interpolation between frames, the 
time of fall could be easily estimated with an accuracy better than 1 ms.
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The tests were carried out with nitrogen in the chamber on drops of two 
fuels; n-Heptane and n-Hexadecane. Photographs were taken of drops falling 
through the chamber at 100 deg C intervals and at eight pressures for each 
temperature. At any particular temperature and pressure, photographs were 
taken of at least two drops falling in succession.
II-3 EXPERIMENTAL RESULTS
The times of drop fall from light beam to surface, for drops of n-Heptane 
and n-Hexadecane, are presented in Figs.II-1 and II-2, respectively.
The height of the injector and the light beam above the surface is 1*85 in. 
and 1*00 in., respectively. Using equations of motion, based on gravitat­
ional force alone, the calculated time of fall is 98 ms and 30 ms, from 
injector and light beam respectively.
H-4. ANALYSIS OF RESULTS
It is beyond the scope of this work to attempt to analyse theoretically the 
results presented in Figs.II-1 and II-2. Instead, some of the phenomena 
observed on the film record are described in conjunction with the results.
Liquid drops falling in a hot gas, at temperatures above their saturation 
temperatures,differ in their behaviour from solid spheres. The variation 
of drag coefficient with Reynolds number is well known for solid spheres 
moving in a medium. Briefly, as Reynolds number increases, the drag co­
efficient decreases at low Reynolds numbers, and gradually becomes sensibly
3
constant at values of Reynolds number over 10 . Considering, for example, 
drops falling in the chamber at various gas pressures but at 400°C, and 
assuming for the sake of discussion that the average velocity of fall is 
constant, the values of Reynolds number at 0, 100 and 1000 lbf/in gauge, 
are 17*5, 135 and 1200, respectively. At these values of Reynolds number, 
the drag coefficients for solid spheres are approximately 3*0, 1*0 and 0*4, 
respectively. Referring to Figs. II-1 and II-2, the respective curves show­
ing the time of fall of a drop at a gas temperature of 400°C do show some 
decrease in time fall with an increase of pressure,from atmospheric to 
100 lbf/in gauge. Beyond this pressure, agreement between the behaviour
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of a drop and a solid sphere "becomes increasingly diverse. Two effects 
are probably responsible for the diversification of behaviour.
First, at high pressure, the drop shape oscillates in its fall in the
manner of a gelatinous mass. The amplitude of oscillation increases 
with increasing pressure. At 1000 lbf/in gauge, the film record 
showed that, if d is the diameter of the spherical drop, these oscillat­
ions of the liquid cause the drop to decrease in diameter to about ^ 2  d
over one diametrical axis, with a corresponding increase over the other 
axis, followed by a reversal of dimensions over the next half cycle. 
Shattering of a drop in a gas stream has been investigated (24)5 the 
results show that a drop, of a certain size, has a critical velocity in 
a gas stream beyond which it will shatter. The critical velocity 
decreases with increasing pressure.
Second, the film record showed an increasing rate of mass transfer from 
the falling drop with increasing high pressures. The vapour trail was 
visible at these pressures (over 1 (X) lbf/in gauge). It appeared, and 
no more can be said than this, that the separation point on the falling 
drop moved forward to the leading edge of the drop with increasing high 
pressure. This effect is known to increase drag. The magnification 
and resolution of the particular lens used on the camera were not suffic­
iently high to enable a conclusive statement to be made regarding this 
feature. However, if accepted as conclusive, the recorded times of fall 
indicate that this effect might be dominant over the decrease of drag 
caused by the mass transfer. The first effect on drag, that of the 
oscillation of drop shape during its fall, has to be considered also in 
relation to the extent of this dominancy.
The drag on a liquid drop in a gas stream, at various pressures, has been
investigated (24)• The results showed a small increase in drag at high
pressures. However, the maximum pressure used in that investigation was
2 134 atmospheres (500 lbf/in abs). The present work shows, in Figs II-1 
and II-2, that the drag increases steeply with pressures higher than 54 
atmospheres.
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In view of the considerable quantity of film uocesnary to obtain the times 
of fall from the light beam to the injector, it has to be assumed that the 
times for the liquids 2,2,4-Trimethylpentane and a-methylnaphthalene are
X'
in accordance with Figs II-1 and II-2, respectively. The similar physical 
and thermodynamic properties of n-Heptane and 2,2,4-Trime thylpentane, and, 
n-Hexadecane and a-methylnaphthalene, permit this.
II.5 CALCULATED TIME OF FALL FROM THE INJECTOR TO THE SURFACE 
As the injector could not be seen through the windows of the chamber, 
the time of fall was calculated using the times of Fig-II-1 and II-2 as 
reference. In the following calculations, the drag coefficient is assumed 
constant.
If a body of weight ¥ falls under gravity against a resistance proportional
2
to the square of its velocity, the resistance then being said to be Cv , 
the differential equation of motion is,
¥ x* _ ¥ - Cv2 ......................... (II-l)
g
civ C¥riting x = ~  and C^  = ~  , and with x = 0 and v = 0 at t = 0 , 
the solution to this equation is,
X ~C^g ^°s(oosh(gJc^t) )...... ...........  (II-2)
If x^  is the distance measured downwards from the injector to the surface 
and Xg is the distance measured downwards from the injector to the light 
beams, then,
x^  = 1 *85 in
x2 = 1*85 - 1*00 = 085 in.
Substitution of x^  and x^ in turn into equation (II-2) and assuming various 
values of , from 0 to 0*25, enables two curves to be calculated for the 
time of fall from the injector to the surface and from the injector to 
the light beam respectively. These curves are shown in Fig.II-3. The
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distance between these two curves is the time of fall from the light 
beam to the surface, these times being already known for various 
temperatures and pressures and plotted in Pigs. II-1 and II-2. Con­
sequently, if the time of fall from the light beam to the surface is 
known for one particular temperature and pressure, the time of fall from 
the injector to the surface can be read from Fig*II—3 with a reasonable 
degree of accuracy.
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APPENDIX III
TEMPERATURE OF A FALLING DROP IMMEDIATELY BEFORE CONTACT WITH THE SURFACE
111.1 INTRODUCTION
It was considered necessary to obtain an estimate of the temperature of 
the drops immediately before contact with the surface to ascertain the 
effect of this temperature on the evaporation lifetime or ignition delay 
of such drops.
The method used to determine this temperature was to measure the liquid 
temperature d uring formation of the drop on the hypodermic needle in 
the injector and then to calculate the rise in temperature of the liquid 
during the time of the drop fall through the chamber.
111.2 EXPERIMENTAL PROCEDURE
A series of tests, separate from those on the evaporation lifetime or 
ignition delay of drops, was carried out to determine the liquid temp­
erature of the drop on leaving the injector over a range of gas temp­
erature and pressures in the chamber. All the tests were carried out 
with nitrogen in the chamber*
A thermocouple was passed through the bore of the hypodermic tubing 
with the bead protruding less than in* out of the end of the 
tubing. The thermocouple wires were Iron/gold and Alumel respectively, 
each wire being about .003 in. diameter, and enamelled. The bead was 
less than *01 in. diameter. At the opposite end of the injector, the 
wires were passed out of the fuel line and sealed there with Araldite.
The formation of a drop on the tubing was observed with the injector 
and chamber cover assembly withdrawn from the furnace and the .liquid 
was seen to collect on the outside of the tubing and around the 
thermocouple bead in the same manner as was usual with the thermocouple 
absent. The effect of the thermocouple on the drop size was, therefore, 
negligible.
The drop temperatures of two liquids, n-Heptane and n-Hexadecane, were 
measured at 50 deg C intervals from 50°C to 550°C and at eight pressures 
for each temperature.
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III.3. CALCULATION OF THE RISE IN TEMPERATURE OF A DROP FALLING THROUGH 
THE CHiTOBR.
For simplification, the drop is treated as a solid sphere.
For a stationary solid sphere in a gas stream of constant velocity, the mean 
heat transfer film coefficient, hf, can be obtained from the empirical 
expression (44),
hf = 0-37 (Re)0*6 kf ....................  (III-1)
d
where Re = ....................  (III-2)
The rise in temperature of the sphere, A T, can be obtained from the 
expression,
hf A(Ta - Td)tf = mcp AT  .........  (III-3)
The notation, only to be used in this appendix, is, 
hf = mean heat transfer film coefficient.
kf as mean film thermal conductivity of the gas, at a temperature,
(Ta + Td)/2.
d as diameter of drop 
A =s surface area of drop
v = average velocity of drop, from the injector to the surface.
p ss density of gas, some distance from the drop.
pf = viscosity of the gas, at the mean film temperature, (^ a+^j)/2
Td a temperature of the drop at the injector.
Ta = temperature of gas, some distance from the drop.
AT = rise in temperature of the drop.
m ss mass of drop 
*l» =* specific heat at constant pressure of liquid of drop 
tf ss time of fall of drop, from the injector to the surface (from Fig.H-3r 
Appendix II)
The distance from the injector to the surface was 1*85 in.
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III.4- TEMPERATURE OF A DROP IMMEDIATELY BEFORE CONTACT WITH THE SURFACE. 
Summation of the measured temperature of the drop, at the injector, and the 
calculated rise in temperature of the drop, while falling through the chamber, 
yields the temperature of the drop immediately before contact with the surface. 
The results for two liquids, n-Heptane and n-Hexadecane, are presented in 
Pigs.Ill-1 and III-2, respectively. The surface temperature and gas
temperature in the chamber are assumed to be identical.
III.5. DISCUSSION OF RESULTS
The measured temperatures of the drops at the injector are not presented 
because, strictly, they are not required. However, some indication of the 
magnitude of these temperatures is warranted.
The temperature of the liquid supplied to the injector was about 20°C. Two 
examples are quoted to show how the curves of Figs.III-1 and III-2 were 
obtained. The liquid is n-Heptane. The gas temperature is 550°C.
1. Atmospheric pressure; measured temperature of the drop at the injector = 
37°C, calculated rise in temperature of drop during fall = 3 deg C.
Temperature of the drop, just before contact with the surface = 40°C
(Shown in Fig.lII-1). The rise in drop temperature at the injector 
is, consequently, 1 7 deg. C.
2. 1000 lbf/in ., gauge; measured temperature of the drop at the injector 
» 101°C, calculated rise in temperature of drop during fall = 34 deg.C. 
Temperature of the drop, just before contact with the surface = 135°U 
(shown in Fig.III-l). The rise in drop temperature at the injector is, 
consequently, 81 deg.C.
The examples show that the greater rise in drop temperature takes place at 
the injector. The temperatures of n-Hexadecane drops just before contact 
with the surface (shown in Fig.III-2) are higher than those of n-Heptane 
drops, for similar gas temperatures and pressures. This is due to an even 
greater rise in drop temperatures at the injector.
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In section III.3., the falling drop was treated as a solid sphere for the 
purpose of estimating the rise in temperature of the drop during its fall. 
This simplification must he in error, to some degree. The examples show , 
however, that the error must be a small percentage of the total rise in 
temperature of the drop.
The results show that the water-cooled injector, described in chapter 2, was 
adequate for low pressures but became increasingly inadequate with increasing 
higher pressures.
The similar physical and thermodynamic properties of 2,2,4-Trimethylpentane 
and n-Heptane, and, a-methylnaphthalene and n-Hexadecane, permit the 
assumption to be made that the drop temperatures, just before contact with 
the surface, of 2,2,4-Trimethylpentane and a-methylnaphthalene are in 
accordance with Figs. III-1 and III-2, respectively.
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THEORETICAL CONSIDERATION OF TRUE CONTACT EVAPORATION OE A DROP BELOW 
THE CRITICAL TEMPERATURE
IV. 1 INTRODUCTION
The events which are assumed to occur instantaneously when a drop con­
tacts a hot surface have heen described by (a),(b) and (c), section 
3*8.1*, chapter 3, the conditions which are imposed during subsequent 
evaporation have been described by (d),(e) and (f), section 3*8*1*, 
chapter 3*
The theoretical model of the drop on the surface is shown in Fig.IV-1.
The actual liquid film is replaced by a circular disc of liquid of
diameter, d, and of initial thickness, x • The model is viable for two w o
reasons. First, measurements taken of actual liquid film diameter of 
n-Heptane and n-Hexadecane drops on a surface at various pressures 
indicated that the ratio, a/x , is approximately 40 (d = 0*25 in) at 
atmospheric pressure and approximately 400 (d= 0*625 in) at the critical 
pressure. The actual film is very thin and very flat. Second, the 
pictorial representations of liquid film shapes in true contact evapor­
ation below the critical temperature, shown in Fig.3-4 (a) to (d),
chapter 3, indicate that the majority of the liquid in the actual film 
evaporates while the film has a reasonably constant diameter.
IV.2. MASS TRANSFER FROM THE LIQUID FILM SURFACE
Stefan1 s law (35), integrated between the limits of y = 0 and y = 6,
gives the rate of diffusive and convective mass transfer across a stag­
nant layer, of thickness 6, adjacent to the phase boundary and contain­
ing a gaseous mixture of the diffusing and complementary substances, 
viz.*
   l"- ’)v vs
where m" is the mass of the diffusing vapour crossing a plane normal to
the flow per unit area and time; D is the molecular diffusion Coefficient
p is the total absolute pressure; p^g and pv§ are the partial pressures
235
of the diffusing vapour at the phase "boundary and at the face, of the 
layer opposite to the phase boundary, respectively; R i s  the gas con­
stant of the vapour; T is the temperature of the gaseous mixture in the 
layer.
In section 3*8*2.2, chapter 3> the hypothesis is postulated that,
5.................. ...............  (xv-2)
D
where v is the velocity of the vapour at the phase boundary; a constant.
S
In section 3*8.2*3» chapter 3> the assumption is made that,
PV5 “ 0 ....... ........... ..  (IV“3)
In section 3*8*2.4, chapter 3> the assumption is made that,
T = Tf ......................  (IV-4)
where is the liquid film surface temperature and is also equal to the 
vapour saturation temperature corresponding to the partial pressure, p ,
VS
at the liquid film surface.
At the phase boundary,
mn = p v ....................... (IV—5)*vs s *
where p is the partial density of the vapour at the phase boundary, vs
Substituting equation (lV-5) into equation (lV-2) for vg yields,
6 -     (17-6)
2 n2 P " 'vs
For a non-ideal gas,
P.
ys -      (17-7)
where Z is the compressibility factor.
Substituting equation (lV-7) into equation (lV-6) yields,
rm ” RvTf, Z p 
6 = C [■■"■ /  f    (IV-8)
VS
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Substituting equations (lV-3), (lV-4 ) and (lV-8) into equation (lV-1) 
and rearranging,
D p p V3
a" - r z f r T  b  ioge —  ]   (1^ 9)
VI * •'vs
where a = c1/3 . Substituting equation (lV-7) into equation (17-9) to 
eliminate the gas constant, R , equation (lV~9) reads after rearranging,
m  vs m - ---
p D p p 1/3
£ —  log --—  ]   (17-10)a *■ p &e p — p J \ * y
vs * ^vs
Equation (iV-iO) may now be defined as a general expression giving the 
mass transfer, per unit area and time, from a liquid surface into an 
infinite gaseous medium. Comparing equation (lV-10) with equation (lV-1), 
noting that p^g = 0,
r p P .
6  =  a  [  —  l 0 g e  ]  . . . . . . . . . . . . . . .  ( X V - t O
VS •'vs
Equation (lV-10) may be applied, in conjunction with the theoretical model 
shown in Pig. 17-1, to give the evaporation lifetime of a liquid film.
If p is the liquid density,
A" =-p-ff ............. ..... (iv-12)
Substituting equation (lV-12) into equation (lV-10) for m* ’ and rearranging
a P / X
dt =s “ -----------   - dx . (IV-13)
r P  P  *1 / 3
p‘ v f cr - 1 0 -— — ] *vs p e p — p•'vs *vs
Integrating, for the evaporation lifetime, from x =5 xq to x = 0,
a p xo
\  = p p i / ,  ............. 117-14/
Pvs^ [ ---   "3
V t o l - p  e  p  —  p
^vs vs
The liquid and vapour properties in equation (lV-14) are determined at the 
liquid film surface temperature, T^ .
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IV.3. heat transfer to the liquid film surface
The purpose of the work of this section is to determine the temperature
difference between the surface temperature, T , and the liquid film
s
surface temperature, T^ , during evaporation of the liquid film on the 
surface. The difficulties associated with the estimation of the trans­
ient temperature behaviour of the surface, under the liquid film, and the 
assumptions that have to be made to obtain a solution of the probable
temperature difference, T - T„, during evaporation of the liquid film,s x
have been fully described in sections 3*8*1 and 3*8.3, Chapter 3*
The theoretical model used in this section is shown in Fig. IV-1, being 
the same as used for the work of the previous section. The assumption 
made in the previous section was that the rate of mass transfer, m!f, is 
constant from time t = 0, Hence, the rate of conductive heat transfer 
to the liquid film surface is constant.
Neglecting heat transfer from the surrounding gas, and neglecting the 
instantaneous fall in surface temperature, from Tg to TgQ when a drop 
makes contact with a hot surface, the instantaneous energy balance at 
the liquid film surface at time t « 0 reads,
T - T
- k ( ■ x s ) = m"Ah .......  (IV-15)
o
where,
Ah = h - h      (IV-16)g o  s J
and k is the thermal conductivity of the liquid;
x is the initial film thickness (at time t = 0). As
o
described in section 3*8.3*2*, it will be assumed here that hQ is the 
liquid enthalpy per unit mass at the temperature of the drop just 
before the drop contacts the surface. During subsequent evaporation of 
the film the energy equation reads,
T - T*
_ k ( — §.) mir Ah  .... (IV-17)
where Tfg is the surface temperature under the liquid film after some 
time t. Hence, since mlf is constant, a comparison of equations (lV-17)
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and (lV-15) yields,
T - T* T -  T
  — i _ --   §. constant «•••«••.*.*•. (lV-18)
A JLO
Substituting for mu , from equation (lV-12), into equation (lV-15) yields
T - T
- k ( — -^--a ) = - p || Ah ...........  (IV-19)
o
Rearranging, ' ^
ax = 7- . at .... ........ (iv-20)
*0 P Ah
Integrating, for the evaporation lifetime, from x = x to x = 0,
■„= * • w  x   ........
Rearranging, 2
P Ah x0 / x
Ts - Tf - —  ' ^ 7    -
As is relatively insensitive to temperature, the liquid and
k
vapour properties may be determined at the temperature T or .
S X
IV.4. SPECIMEN CALCULATION
The specimen calculation is concerned with the evaluation of the constant, 
a, in equation (lV-14). Once a is evaluated; successive calculations to 
predict the evaporation lifetimes of films of the same liquid, but at 
other surface temperatures and gas pressures, are straightforward if the 
film spread can be determined at these other conditions*
The liquid of concern here is n-Heptane; the given conditions ares-
1 • Atmospheric pressure.
2. Tf = 70°C.
Mass of drop = 2*8 mg
4. Observed spread of the liquid film, d « 0*25 in. approximately.
The properties of n-Heptane liquid and vapour are obtained from the 
given references (34)(46)(47). At 70°C,
P = 39*9 lbm/ft^; s.g» = 0*64
Volume of the drop = 2*8 = 4*37 rom^  .......... (lV-23)
0*64
If d and xq are the respective diameter and initial film thickness,
,2 ,
_  . x  a 4*37 mm ......  (IV-24)
4 0
Hence, 4*37 x 4
z0 “ % (0*25 x 25*4)2 = °*^88 mm .....(lV-25)
In feet units, xq = 4*56 x 10~^ ft  .....    (lV-26)
From references (48)(49)(50), the value of the molecular diffusion 
coefficient, D, was estimated to be 0*0656 cm2/s, at 0°C and 1 atmosphere 
its dependence on temperature and pressure is
D = D ( I  )2 ....*............  (IV_27^
y o
¥hen Dq = 0*0656 cm2/s, PQ = 1 atmosphere and Tq = 273°K,
2
D * 0*0656 (~j) ^ cm2/s    (IV-28)
In feet units,
D = 7-06 x 10~5 (-L) 1  ft2/s ........... (lV-29)
£(1> P
At 70°C and 1 atmosphere,
D = 7*06 x 10-5 (fyf)2 = 11*12 x 10~5 ft2/ s .... (lV-30)
The remaining properties required are,
p =s 5*7 lbf/in2 abs.vs
p = 0*088 lbm/ft (calculated, using the compressibility
vs factor)
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Substituting the calculated values of x and D from equations (lV-26) 
and (17—29), respectively, into equation (lV-14) together with the 
remaining properties yieldsf
a x 39*9 x 4*56 x 10"*^
= 1705 a s  ....... ...*...... .........   (17-31)
It is now necessary to calculate the surface temperature, T , that wills
give a liquid film surface temperature of 70 G during evaporation of 'the 
film. In equation (IV—22), the properties of the liquid and vapour will 
be obtained at 70°C. At 70°C,
h * 320 B.t.u/lb m. 
g
k = 0*0771 B.t.uA, , ^ ,^ ft deg F h.
The drop temperature just before contact with the surface, from Fig*Ill-t, 
Appendix III, is 20°Cr At 20°C,
h =122 B.t.u./lbm.0
Substituting the above values of the properties into equation (lV-22) 
yields,
m _ m 39-9 (320 - 122) X 3600 . (4.56 s 10~4r  
s ~ 0-0771 t.
= 76^. deg P = ^ 2 £  deg C ....  (lV-32)
Step-by-step methods are now required to obtain a calculated evaporation 
lifetime similar to the experimental lifetime of a n-Heptane film, shown 
in Fig. 3-1, chapter 3* The best approximation is obtained when a » 1/250 ft, 
In this case, from equation (lV-3l)*
tL = "*250 = 6*82 s ................... (IV-33)
and from equation (lV-32),
TB - T f = = 6*2 deg C.................. (lV-34)
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Hence, the calculated, evaporation lifetime of the film is 6*82 s on a 
surface at an initial temperature of 76*2°C*
Using equation (17-11), the boundary layer thickness when the liquid film 
surface temperature is 70°G is given as,
6 = J _  [ M  log _ J 4 2 _ ] 2/3 ft
250 L 5*7 e 14*7 - 5*7J
= 0*00468 ft = 0*056 in ....................  (17-35)
For n-Heptane, equation (lV-14) now reads,
  .......  (17-56)
3
Equation (17-36), in conjunction with equation (lV-22), may be used to 
calculate the evaporation lifetime of a n-Heptane film at any other 
surface temperature and gas pressure. The approximate analysis of the 
film spread with temperature and pressure, described in section 3*5*4*f 
chapter 3> must be used to determine the initial film thickness, xq*
*L =
___________ P_Xo__________
250 p D [JL loge P ] 
vs uPvs j
TJ
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APPENDIX V
THEORETICAL CONSIDERATION OF SPHEROIDAL EVAPORATION.
Ill introduction
The theoretical model of a drop in spheroidal evaporation is shown in 
Fig.V-1(a)• The given dimensions of the model were determined from 
photographs of n-Heptane and n-Hexadecane drops in spheroidal evaporation 
at several pressures. A typical drop in spheroidal evaporation is shown 
in plate IV(a), chapter 5* However, as reduced ambient pressures, ®^p ,
exceed ■£• approximately, the actual drop shape becomes flatter and the 
diameter of the vapour seat ,d , becomes greater. Consequently, the 
model is increasingly inappropriate as ^  increases from -g- to 1.
The assumptions made in order to be able to treat spheroidal evaporation 
theoretically have been described by ( i). to ( iv), section 3.10.1, chapter 3.
1 .2 . HEAT AID MASS TRANSFER ACROSS THE VAPOUR SEAT.
It is assumed, as a first approximation, that a falling drop contacts the 
surface, collects itself into the spherical shape and flifts-off* on its 
vapour seat instantaneously. The temperature of the liquid at the phase 
boundary adjacent to the seat is assumed to be instantaneously at the 
saturated liquid temperature, T .
In order to establish the temperature gradient across the seat, the complex 
two-dimensional flow of vapour from the phase boundary to the periphery of 
the seat is replaced by a hypothetical uni-dimensional laminar flow system. 
Radiant heat transfer is neglected, In the actual vapour seat, the mass 
flux normal to the phase boundary is m” at the phase boundary and zero 
at the surface. In the hypothetical system, a weighted average, constant, 
mass flux of 2/3 m’* is substituted. The theoretical model is shown in 
Fig.V-1(b).
Assuming steady flow and an average value of the vapour thermal conductivity
T + Tat a mean temperature, s v. the energy equation for a horizontal
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element in the seat, of thickness 6x, reads,
lr All c \ , /dT d2T c \ 2 . tl,
" v dz 3 ( h + dl * 6x) V d £  + ^  * 6x) + 3 m h
On simplification, the equation becomes,
_ k ah
^ a x 2 ~ 3.......... ...........................
Let h = h + c (T - T ) .....................g pv v'
where is the specific heat of the vapour at the mean temperature
T + T s v .
2.
Differentiating equation (V-*3) with respect to x,
dh * c dT
dx dx
Substituting equation (V~4) into equation (V-2) for “  yields,
. afr 2 ai— k — * ss —  mf c
v ^ 2  3 pv dx
k
Let a -  v
2/? l' CY'pv
Equation (V-5) then reads,
dT d2T
dx " ~ a  dx2 ......................
Integrating both sides,
dT
T + °i ........................
where is a constant of integration. Rearranging equation (V-8) 
dT _ = fa ..............
(c, - t) a
Integrating both sides again,
- loge (Ct - T) = — x+ C2 ..................... .
where C„ is another constant of integration.
(V-1)
(V-2)
(T-3)
(V-4)
(V-5)
(V-6)
(V-Y)
(V-8)
(V-9)
(V-10)
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Rewriting equation (V-10),
x = - a loge(C1 - T) - a C2 ..................  (V-11)
When x = 0, T = T .s
Hence, C2 = - loge (C1 - Tg) ........................ (V-12)
When x = 6, T = T .v
Hence, c , / „ \ / \
6 = - a log (C - T ) + a log (C, - T )e i v e 1 s
C, - T
= a loge [~ ........................ (V-13)
1 V
Let P = ~    (V-14)
Then, a C. - T > \
eP = [ J — f j  ....- .................  (V-15)
1 V
Rearranging, ^  ^ T
ci = t - i r T ^  - .................... (v-16)er - 1
Substituting equation (V—16) into equation (V-8), at x = 6, where T = T ,
\    (v-17)
© ~1
On rearranging, the temperature gradient at the phase boundary is,
<f>6 " " i  ............    (W8)
At this stage, the model shown in Fig.V-1 (b) is discarded and, henceforth,
the analysis uses the model shown in Fig.V-1 (a).
Applying the energy equation to the phase boundary, and neglecting the 
temperature gradient in the liquid,
- kvs ( £ )fi -  Ah ............................  (T— 19)
where, Ah » h - h     (V-20)g e
hQ will be defined in section V.4. Substituting equations (V-18) and
ctX
(V-6) f o r "5x^ 5 a respectively, into equation (V—19) gives
2/„ k. c T - T » , /„ «,\5 vs nv / s v\ = A h . . . . . .  (V-21J
k. ' p J
v e^ - 1
Assuming that k is approximately equal to R , equation (V-21) can vs v
be simplified to read,
ep - 1 = | fav (T - T )   (V-22)
A h
Hence, r 2 c
P = l0ge[l + \  J3y(l - T )]   (V-23)
5 Ah 3 v
Substituting for (3, from equation (V-14),
a loge[l + | - T ) ] .......  (V-24)
^ Ah s v
V.3. EVAPORATION OF THE DROP 
V, volume of the truncated sphere,
= “ ^ [(f)2 (f ~ "12^ ~ 64 ^  . . . . . .  (V-25)
Differentiating both sides with respect to time,
dV = 27 7cd2. dd
dt 64 dt
= ZL re , .   (V-26)
d2 = 4 [ f ( di'f)] ~ |  d2 .........  (V-27)
Equating the total mass vapour flow to the change of mass of the drop with 
time,
&« A = - pf| . . . . . .  (V-28)
2
where, A = ttd3 . . . . . *  (V-29)
4
and p> is the liquid density.
Substituting equations (V-26)(V-27) and (V-29) into equation (V-28).
5," £  1  d2 = _ 0 21 ,fl2 dd
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which may he simplified to,
(7-31)
Substituting for a , from equation (7-6), into equation (V-24) yields,
(7-32)
and substituting equation (7-31) for A "  into equation (V-32) and
rearranging yields,
- 2  . k v l0gfe[l+| ffiv(T - T j ]  . . (7-33)
X „ _ 2 At s v3 P cw  Ah
An analysis of the vapour pressure and radial velocity of flow may now he 
considered.
From experimental evidence it was observed that 6 was very small; less than 
0*005 in* In this distance, the radial velocity is zero at the surface, 
reaches a maximum somewhere between the surface and the phase boundary, and 
is zero again at the phase boundary. In addition, there is a two dimensional 
flow pattern. Consequently, simplifying assumptions have to be made. The 
technique adopted is similar to that used by Kutateladze (51).
As a first approximation, the radial velocity of vapour flow is assumed to 
be negligible, having teen dissipated in overcoming viscous resistance* From 
the geometry of the drop, the head of liquid at the periphery of the seat is 
d/2. Neglecting the pressure thrust due to the change of momentum of the 
vapour leaving normal to the phase boundary, the vapour pressure immediately 
inside the seat is given by,
(7-34)
where w is the specific weight of the liquid.
Hence, the vapour head immediately inside the seat is given by,
where w^ is the specific weight of the vapour at the mean temperature, s v.
2
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Applying the Bernouilli equation to points immediately inside and outside 
the periphery of the seat, and neglecting any vapour head outside the 
periphery of the seat,
Hv=f- -I - i  •••••••.......... <**>
V  &
2Rearranging, v = ~ . g d  ..............      (V-36)
v
Taking the square root of both sides and allowing for the sudden expansion 
at the periphery of the seat by a coefficient of discharge,
v -  ................
v  v
Writing w = p and w^ = pv
T = cd / ^  e* ....................
Rather than carry an unknown quantity, C^ , through the rest of the analysis 
and in view of the probable underestimation of the velocity, v, from the 
aforegoing theory, it is assumed that,
CD = 1 ................. .....  (V-39)
Hence, fp ’
v = —  gd .......................  (V-40)
The radial mass vapour flow is given by,
m = %& 6p„v ................... (V-41)
S v
and on substitution for d and v from equation (V~27) and (V-40), equations
(V—41) reads,
m =s 7td6pv(£fl)r...........   (V-42)
2 v PV 
But m w mM A = -P , from equation (V-28).dV" p
Therefore,
cLVequating equations(V-42) and (V-28) and substituting for —  
from equation (V-26) yields,
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- p ! I  ^  f t  = 4  *d6 pv (**¥    (V-43)
which, on simplification, and rearrangement for 6 reads,
27 j_ jl
5  --------* (-£-)2 d2 H  ..........  (v-44)
3 2 /3  gpv
6 is now eliminated by substituting equation (V-44) into equation (V-33) for 
6 , viz.,
(i )2 = f  p v  ^ t , + f
Taking the square root of both sides of equation (V-45) and rearranging 
yields, ^
d* dd = - [ §  J -  loge [1 + | J E  (T -T )] 3* (3^|)idt....(V-46).
pv P
Integrating both sides, from d = dQ to d = d,
d 5/4 - d5/ 4 = \  log [ 1 + 1  T?f (T -T )] ( 3 ^ 4  ) \o 4 81 c &e 3 A h v s v JJ r?pv P
= ioge [ 1 + f  ^  ( V Tv)] 3* ( 3 p- f  )* t . . . . . ........ (v-47)
pv K
Hence, the law of spheroidal evaporation of a dr#p on a hot surface ia 
expressed as,
d5^ 4 a dQ5//4 « xt ............................(V-48)
where X , the evaporation constant, as given byj*
^ W  ^  ^  1 1 + f 3 ?  < W J  3* (3  ^  > * .... (v-49)
The lifetime of evaporation of the drop is,
d 5/4
tL = y . . ........................... (v-50)
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V.4. EVALUATION OF h0
hQ is the enthalpy per unit mass of the liquid in the drop at ’lift-off’, 
hut at some distance from the phase boundary. In section 5*7, chapter 3» 
the establishment of spheroidal evaporation at various pressures was 
discussed. In particular, the reason for the delay in ’lift-off1 of the 
drop at elevated pressures, or even at atmospheric pressure for n-Hexadecane 
drops, was discussed in section 5*7•3. A delay in ’lift-off’ must mean 
that the drop liquid temperature at ’lift-off’ is higher than if, in 
identical conditions of temperature and pressure, the drop *lifts-off’ 
almost instantaneously. The method used to obtain an estimate of the 
enthalpy per unit mass of the liquid at drop ’lift-off’ was based on the 
observation that drops of n-Heptane and water lift off the surface almost 
instantaneously, at atmospheric pressure, whereas drops of n-Hexadecane do 
not. Instead of considering the complex liquid density variations within 
in the drop, during establishment of spheroidal evaporation, a very much 
simpler criterion for rapid drop ’lift-off’ is a high ratio of enthalpy of 
evaporation to liquid enthalpy. In other words, the smaller the heating 
up time of the liquid, the more rapid will be drop ’lift-off’.
An n-paraffin hydrocarbon liquid, that satisfies the criterion for rapid 
drop-off’ best is n-Pentane. This liquid has a saturation temperature of 
36°c, at atmospheric pressure. Referring to Figs.III-1 and III-2,
Appendix III, it can be seen that the drop temperatures just before contact 
with the surface, at atmospheric pressure, are of this order of magnitude at 
surface temperatures corresponding to the spheroidal evaporation range for 
the liquid. Consequently, the heating up time of drops of n-Pentane would 
be negligible, since h = h^ approximately, and drop ’lift-off* would 
consequently be instantaneous at atmospheric pressure. Using data for 
n-Pentane (34), an empirical correlation was obtained for the liquid enthalpy 
per unit mass, hQ, of the drop at ’lift-off* at elevated pressures. The 
correlation, in terms of reduced enthalpies and reduced pressures, is shown 
in Eig.V-2.
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The chart, Fig.V-2, was used to obtain hQ for n-Heptane drops, in a selected
range of pressures, and for n-Hexadecane drops at atmospheric pressure only.
V.5 SPECIMEN CALCULATION
It is required to find the evaporation lifetime of a n-Heptane drop on a
o 2surface, at a temperature of 400 C; ambient pressure, 50 lbf/in gauge;
drop mass = 2*8 mg.
The properties of n-Heptane liquid and vapour are obtained from the given 
references (34)(46)(47)•
Tg = 400°C = 752°F.
Tv = 319°F (at 64*7 lbf/in2.abs)
h = 394 B.t.u/lbm&
P0 = 397 lbf/in abs.
p a 0*163? from Fig.V-2, == 0*54
7c 0
h = 454 B*t.u/lbm. o
hQ a 244 B.t«u/lbm (corresponds to a liquid temperature of 275 F).
Ah = h - h a 150 B*t.u/lbm.g o
p at 275°F = 36*0 lbn/ft3; s,g. of liquid at 275°F = 0*577.
= 535°F.
pv at 535°F. = 0*642 lbm/ft3
cpV at 535°F. = 0*652 B,t«u/lb.deg.F.
at 535°F» - 0*0208 B.t*u/ft.deg.F h (obtained from Fig.V-3).
Substituting the given values of the properties into equation (V-49)for 
X', the evaporation constant,
y _ rlQO ,..Q*.Q.2Q8.. , n 2, 0.*,6.5.2 (752-319)11^ (3 x *-?\~4
* ~ 81 * 0 *652x3600 geL 3 ' 150 v'32 \3 x (35.<5)3 )
«= 5*69 x 10 4 ft^4/s or 7*31 x 10 ^mm^V8 .............#*...(V-51)
Volume of drop - QV577 ~ ^*85     (V-52)
From equation (V-25)> V = 36 4*85 mm^     (V-53)
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Hence, = 4"'| ^  64 = 10*96 mnP.
d « 2*22 mm .............   . (V-54)
Substituting values obtained from equations (V-51) and (V-52) into 
equation (V-50), for the evaporation lifetime,
= 3*71  ^   (V-55)
Actual evaporation lifetime of a n-Heptane drop on a surface at 400°C, and at 
an ambient pressure of 50 lbf/in gauge, from Fig.3-1, chapter 3> is 2*4 s , 
The reasons for the difference are discussed generally in section 3*11-3* 
chapter 3«
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APPENDIX VI
A CONSIDERATION Op THE FUNDAMENTAL LAWS OF DIFFUSION: PICK'S AND STEFAN'S 
______,___________________ LAWS__________________________________ _
VIJ. INTRODUCTION.
When a liquid drop evaporates in an infinite gaseous medium, it is known that 
a vapour boundary layer is present adjacent to the phase boundary. In order 
to obtain the relationship between the thickness of this boundary layer and 
the fate of evaporation of the liquid, an analysis of diffusion processes is 
required.
Unfortunately, standard text books on evaporative mass transfer do not yield 
a great deal of information on diffusion processes and generally exclude 
reference to the fact that molecular forces cause an acceleration of the 
diffusing substance from regions of high concentration to regions of low 
concentration. The following analysis therefore investigates the velocity 
and acceleration of a diffusing substance in the presence of a continuous 
concentration gradient using the fundamental laws of diffusion. Information 
is extracted from this Appendix for use in the main work of the present 
thesis as and when required.
VI.2 FICK'S LAW
In a stationary gaseous mixture whose composition is not uniform, the 
molecular motion tends to' make the composition more uniform in time. Each 
component gas flows from regions where its concentration is high to regions 
where its concentration is low. It has been found experimentally that the 
rate of diffusion is almost proportional to the concentration gradient. The 
relationship between the rate of diffusion and the concentration gradient is 
known as Pick’s law. For a binary gaseous mixture it is given here in the 
form,
where m ,Tj is the mass of component j crossing a plane normal to the flow
(xz plane) per unit area and time; P. is the partial density of component j;
.3
mM,J
_ d  ^dy (VI-
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D is a constant, almost independent of the concentrations of j pid the other 
gas hut specific to the two gases, known as the molecular diffusion 
coefficient.
The sketch below shows a binary uni-dimensional diffusion process taking 
place between two horizontal sections a-a and b-b, normal to the flow. The 
substance of concern is component j diffusing from plane b-b to a-a with 
mnj constant; the complementary component diffuses from plane a-a to b-b.
D is assumed independent of the concentration and, hence, the concentration 
gradient is linear.
y
b b
6
Pj , Partial density of component j.
Pick flow
At any horizontal section, continuity yields,
constant « (VI-2)
where v_. is the diffusive velocity of component j. Substituting equation 
(VI-2) into equation (VI-1) for m*f 'j gives
(VI-3)
Rearranging,
(VI-4)v.J
Differentiating equation (VI-2) with respect to y, with mnji constant 
yield8 n & A  a. v M .  „ O ......
j dy j dy (VI-5)
258
Rearranging,
dvj 
dy
The diffusive acceleration of component j is given by,
dvj = _ Vj2
dy ~
Squaring equation (VI-4) and substituting for v^2 in equation (VI-7) 
yields,
vj | L l =    (vi-8)
dy p .3 dy
The following important information emerges from the above analysis:- if the 
slqpeof the concentration gradient is constant,
(i) The diffusive velocity of component j is proportional to D and
inversely proportional to p j (from equation (VI-4). )
(ii) The diffusive acceleration of component j is proportional to
and inversely proportional to p^^(from equation (VI-8)).
(iii) As the concentration gradient is not zero, the diffusive velocity 
and acceleration of component j tend to infinity as and if p j 
tends to zero.
VI,3 STEFAN!S LAW
A combination of diffusive and convective mass transfer occurs frequently in 
engineering processes; the most common example of this type of mass transfer 
is evaporation from a liquid surface into a stationary gaseous medium.
Equation (VI-1) above has been written for the mass of component j crossing 
a plane normal to the flow* The equation could have been written for the
mass of the complementary component crossing the same plane in the opposite
direction and, if the molecular weights of both gases are equal, the net 
mass flow across this plane would then be zero. In the case of diffusion
ay
(VI-7)
dpj
dy
(YI-6)
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from a phase boundary, however, only one component can flow, namely that 
component diffusing from the phase boundary; the complementary component is 
macroscopically stationary. Therefore, a convective flow is present in a 
direction away from and normal to the phase boundary which compensates for 
the absence of the diffusive flow of the complementary component. The 
relationship between the steady rate of diffusive and convective mass transfer 
and the concentration gradient is known as Stefan* s law. For a binary gaseous 
mixture the basic differential equation of continuity is given here in the 
form (35)»
ml!\ = - D & L  + pj vjc ................... (VI-^ 9)
where V j c i s  the constant velocity of the convective flow; and m‘j , D and p j  
are as described with reference to equation (VI-t).
The sketch below shows a binary uni-dimensional diffusion process taking 
place between a phase boundary and a horizontal section a-a normal to the 
flow, distance 6 from the phase boundary. The substance of concern is com­
ponent j flowing from the phase boundary to plane a-a, with constant. D 
is assumed independent of the concentration. The concentration gradient is 
not linear with y.
jc
Liquid, surface
p . - partial density of component j
Stefan flow
At any horizontal section, continuity yields,
®fj 53 v 4 = constant  ................... ..•.(VI-iOJJ
where vj is the diffusive and convective velocity of component j.
Substituting equation (VI-10) into equation (VX-9) for m**^  gives,
P j  v  =  - T ) ± j  + p _ j  v<.0 ...................................   ( V I - 1 1 )
dy
Rearranging,
Vj 35 ~ —  ^£1 + VjC .........    (VI-12)
9 j dy
Differentiating equation (VI-10) with respect to y, with mM^ constant, 
yields,
£li + ^ = -o ..........    cvi-13)
dy dy
dvj = - I I  ££i
7 "  P j dy ......................
The diffusive and convective acceleration of component j is given by,
v,2
f ! i =  - 0 -    (vi-15)
dy p j dy
(vi-14) i
Squaring equation (VI-12) and substituting for v, in equation (VI-15) yields
J
dv-
= “ T 1 ^   ^~£■ + T j° )2 .....  (VI-16)cy Pj dy P j dy
Expanding,
' > & - k t    (VI-,7)
From equation (VI-12),
—  ss Vi  —  v . (V T  1ft')11 ^[y jC #••••*•••••♦•••#••••••••• \V X—  J O J
J
Substituting equation (VI-18) into equation (VI-17) and rearranging yields,
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Stefan flow is more complex to discuss than Pick flow, primarily "because 
the concentration gradient is not linear for constant mn. flowing from
J
the phase boundary to plane a-a. Consequently, the procedure here is to 
compare the above derived equations of velocity and acceleration in Stefan 
flow with the previously derived respective equations in Pick flow (i.e., 
equations (VI-12) and (VI-*4) and equations (VI-19) and (VI-8), and to make 
the following deductions regarding Stefan flow:-
(i) The influence of the constant convective velocity, VjG in Stefan
flow is to modify the linear slope of the concentration gradient in 
Pick flow (described in section VI.2 above). Otherwise, (i) and 
(ii) of section VI.2 for Pick flow are approximately true for Stefan 
flow also.
(ii) It is said in (iii) of section VI.2 for Pick flow that as and if p^ 
tends to zero, the diffusive velocity and acceleration of component 
j tend to infinity. Now for Stefan flow into an infinite stationary 
medium it is mandatory that the diffusive velocity and acceleration 
of component j tend to infinity unless the continuous concentration 
gradient breaks down.
Practical considerations suggest that the continuous concentration 
gradient will break down and, therefore, a discontinuity in the 
concentration gradient is shown in the sketch showing Stefan flow 
at some height y - 6.
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